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Abstract 
 
The Lower Devonian Bokkeveld Group is the Middle unit of the tripartite Cape 
Supergroup, which outcrops along the western, southern and eastern 
coastline of South Africa. A well-established sedimentary and stratigraphic 
understanding of the Bokkeveld Group allowed for geochemical and 
geochronological investigation in order to gain insight into the provenance 
characteristics, as well as the paleotectonic environment of the provenance 
areas.  In order to observe any changes within the Bokkeveld Basin, complete 
profiles for geochemical investigation were sampled in the western, southern 
and eastern parts of the basin, and compared. Major and trace element 
patterns suggest that the western part of the basin received detrital input from 
felsic, magmatically evolved, and possibly alkaline sources, and that the 
sediment was highly recycled before deposition.  Furthermore, the 
geochemistry suggests that the western part of the basin experienced 
“passive margin” type sedimentation. The geochemistry of the southern basin, 
in contrast, suggests input from less evolved, non-alkaline sources, and 
predicts sedimentation under “active margin” conditions for the lower part of 
the group. The eastern basin is geochemically intermediate between the 
western and southern basins. Zircon populations for the three parts of the 
basin further suggest that sources of different ages fed the three parts of the 
basin. The zircon population of the western basin suggests that the Namaqua 
Natal Belt (Mesoproterozoic) and Neoproterozoic cover successions were the 
major source of detritus, with only minor input from Paleozoic sources. The 
eastern basin also appears to have sourced mainly Namaquan aged material 
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as well as Neoproterozoic material, with no Paleozoic input. The southern 
basin has a remarkably different zircon population, with the majority of grains 
being Paleozoic in age, and only a few Neoproterozoic and Mesoproterozoic 
grains. Furthermore, many of the grains are younger than any known source-
rocks on the Kalahari Craton, and thus allude to input from an extra-Kalahari 
source into the southern part of the basin. The youngest grain from the 
southern basin overlaps with the established depositional age of the 
Bokkeveld Group, suggesting some syn-depositional or briefly pre-
depositional magmatic activity in the source area(s) of the southern basin, as 
predicted by the geochemistry.  The complete lack of zircon ages older than 
the Namaqua Natal Belt (Mesoproterozoic), would suggest that the Archean 
to Paleoproterozoic inner part of the Kalahari Craton, the Kaapvaal Craton, 
was not sourced by the Bokkeveld Group. This is most likely due to the 
Namaqua Natal Belt having served as a large east-west trending 
morphological divide during Bokkeveld deposition, preventing transport of 
detritus from the craton interior. Remarkably, this would suggest that the 
Namaqua Natal Mountain Range must have survived erosion and persisted 
as a morphological boundary for ca. 600 Ma to serve as the major source of 
detritus for the Bokkeveld Group. Even an extensive, craton-fringing 
sedimentary cover-succession such as the Bokkeveld Group, may thus not 
provide a “detrital fingerprint” of the craton interior, and paleogeographical 
implications must be taken into consideration during provenance studies. 
Paleocurrent directions for the Bokkeveld Group indicate a west to east 
transport direction in the southern part of the basin, and as such, a western, 
extra-Kalahari source, most likely the Rio de La Plata Craton and surrounds, 
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is expected to have been the source of both the young Paleozoic zircons, as 
well as undifferentiated material as revealed in the geochemistry.  
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Chapter 01 ~ Introduction 
 
1.1 Aim 
 
The aim of this study was to investigate the provenance constraints on the 
Paleozoic Bokkeveld Group (Fig. 1.1). It was hoped to identify the geological 
source terrain(s) of the Bokkeveld Group and through this evaluate whether the 
proximal neighbours to the Kalahari Craton during the Paleozoic (Fig. 1.2) shed 
any detritus into the Bokkeveld basin. It was furthermore anticipated that the 
tectono-sedimentary setting that predominated during Bokkeveld deposition 
could be identified through especially geochemical analysis of some of the 
lithofacies. Finally it was anticipated that a basin model, incorporating previous 
work, could be constructed, leading to a more complete understanding of the 
depositional framework of the Bokkeveld basin. 
 
1.2 Previous Work 
 
The Bokkeveld Group is the middle unit of the tripartite Cape Supergroup 
(Fig.1.1) which preserves a conformable record of siliciclastic sedimentation 
spanning from the Lower Ordovician Table Mountain Group to the Lower 
Carboniferous Witteberg Group.  
The outcrop distribution of the Cape Supergroup (Fig. 1.1) roughly forms an L 
shape, straddling the eastern, southern, and western coastline of South Africa. 
The three lithostratigraphic groups laterally persist along outcrop, and form the 
Cape Fold Mountain Belt. Although the Bokkeveld Group has received scientific 
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attention since the late 1800’s, the first truly encompassing sedimentological 
and stratigraphical study of the unit was performed by Theron (1972). Theron 
(1972) stratigraphically defined the Bokkeveld Group, constructed detailed 
profiles and collected sedimentological data throughout the outcrop area. 
Through this investigation Theron (1972) was able to construct a depositional 
model for the Bokkeveld Group, as well as shed light on basin architecture 
through the construction of isopach, grain-size, and paleocurrent maps.   
 
1.3 Purpose and Methods of Study 
 
As mentioned above, the Bokkeveld Group has been investigated in-detail with 
regards to its sedimentology and stratigraphy (Theron, 1970, 1972), but a 
geochemically-based provenance study has never been performed on the unit. 
 
Figure 1.1 ~ Outcrop distribution of the Cape Supergroup including the Bokkeveld Group. 
Redrawn & modified from Thamm & Johnson, 2006. 
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Figure 1.2 ~ The Bokkeveld Group and surrounding major geological units during the  
Lower Paleozoic. 
 
The aim of this investigation was thus to conduct a geochemically-based 
provenance study of the Bokkeveld Group, and from the results as well as 
previous studies, attempt to refine the provenance and tectonic framework of 
the basin in which the group was deposited. 
This was achieved by the following methods: 
 
 A set of samples for geochemical analysis (one subset from each 
formation of the group) was taken from three geographically distinct 
sampling areas across the entire outcrop of the Group.  
 
 Samples were investigated petrographically and mineralogically by 
means of optical (thin-section) and X-ray diffraction methods. 
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 Samples were investigated geochemically, obtaining major element, 
trace-element, as well as certain rare-earth element concentrations 
through XRF, INAA, and ICPMS analyses. 
 
 Detrital zircon U-Pb dating was conducted on zircon separates from the 
Wuppertal Formation (4th sandstone) of the Bokkeveld Group from the 
three sampling areas by High Resolution Secondary Ion Mass 
Spectrometer (HR-SIMS) at the Institute for the Study of Earth Interior 
(ISEI) in Misasa, Japan. 
 
These methods provided valuable new information on the provenance and 
paleotectonic setting of the Bokkeveld Group and allowed a better 
understanding of the large-scale sedimentological processes that played a part 
in the deposition of the sucession.
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Chapter 02 ~ Stratigraphy, Sedimentology, and Tectonic Setting 
 
2.1 Broad Stratigraphic Setting 
 
The Bokkeveld Group conformably overlies the Table Mountain Group, and is in 
turn conformably overlain by the Witteberg Group (Figs. 2.1-2.4). These three 
units make up the first large supracrustal succession on the Kalahari Craton, 
the Cape Supergroup (Fig. 2.1). All three units of the Cape Supergroup show 
sedimentological facies and thickness variations from west to east along the 
outcrop area, and as such have different lithostratigraphic subdivisions west 
and east of 21’E (Fig.2.1-2.3).  
The Table Mountain Group onlaps (Rust & Theron, 1964), and unconformably 
overlies Precambrian to Cambrian basement rocks of the Kalahari Craton. The 
whole group is predominantly composed of supermature quartz-arenite, and 
records the interplay of fluvial and marine environments during a tectonically 
stable period which allowed for intense reworking of sediment along the passive 
margin of the Kalahari Craton. The group also preserves a glacial event in the 
western outcrop area as the diamictite of the Pakhuis Formation, and 
associated glacial-rebound argillaceous (shale) deposit, the Cedarberg 
Formation (Fig. 2.1). 
The contact between the Table Mountain and Bokkeveld Group represents a 
marine flooding surface recorded in the rapid, but conformable transition of 
coarse-grained, supermature quartz-arenite of the Table Mountain Group to the 
blue-black mudstone and shale of the lowermost Bokkeveld Group (Theron, 
1972). The Bokkeveld group is comprised of up to 5 upward-coarsening, 
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progradational deltaic sedimentary successions that each grade from mudstone 
and shale into siltstone and is finally capped by feldspathic wacke or immature 
sandstone (Fig. 2.4). The cyclical nature, and sediment immaturity of the 
Bokkeveld Group suggests that the Cape Basin had somehow destabilized 
during the transition from Table Mountain Group to Bokkeveld Group 
sedimentation, giving rise to numerous transgressions and regressions, and 
hence a change in sedimentation style. 
The final phase of the Cape Supergroup, the Witteberg Group sees stabilization 
of the basin, preserved as a change from the pulsatory Bokkeveld Group to the 
more consistent sedimentation style and higher degree of recycling of the 
Witteberg Group (Rust, 1972). A glacial unit, the Miller Formation outcrops in 
the eastern part of the basin only (Fig. 2.1). 
 
2.2 Age 
 
The whole of the Cape Supergroup does not contain a single empirically 
dateable horizon, and thus age determinations rely on dating of the underlying 
rocks, as well as upon the faunal associations within the different units. The 
Cape Granite Suite has been dated by various isotopic methods including Rb-Sr 
(Whole rock), U-Pb (Zircon), and K-Ar (Mica), and found to have been 
emplaced between 630-500 Ma (Theron & Thamm 1990). 40Ar/39Ar Dating on 
cleavage and metamorphism of the Vanrhynsdorp Group indicates a 
metamorphic age of 550-480 Ma (Gresse, 1992). 
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Figure 2.1~ Stratigraphy of the Cape Supergroup. Redrawn & modified from Thamm & Johnson, 
(2006). 
 
Figure 2.2 ~ Outcrop pattern of the Bokkeveld Group in South Africa. Letters A-E correspond to 
profiles in fig. 2.3 
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Figure 2.3 Stratigraphic profiles of the Bokkeveld Group. Letters correspond to localities marked 
on figure 2.2. Redrawn and modified from Theron & Johnson, (1991).  
 
It then seems reasonable to assume an Early Ordovician age for the base of the 
Table Mountain Group, allowing for post-orogenic uplift, as well as the 
deposition of the underlying Klipheuwel Group (Rust, 1967;1973). The richly 
fossiliferous, post-glacial Cedarberg Formation (Fig. 2.1) suggests a Hirnantian 
/ Ashgillian (Latest Ordovician) age based on faunal associations (Cocks & 
Fortey, 1986; Theron et al., 1990). Theron et al. (1992), suggested a 
Lochkovian – Pragian (Lower Devonian) age for the Rietvlei Formation, the 
uppermost unit of the Table Mountain Group (Fig. 2.1), slightly older than the 
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previous Emsian (Lower Devonian) age ascribed to the Brachiopod 
assemblages in the Uppermost Nardouw Subgroup, and Lowermost Bokkeveld 
Group (Theron 1970, 1972). The Table Mountain Group thus appears to span 
some 80 Ma of sedimentation, from the Lower Ordovician to the Lower 
Devonian (Fig. 2.1).  
The age of the Bokkeveld Group is well bracketed by faunal associations, and 
age restrictions for the Gydo and Karoopoort Formations (upper and lowermost 
units) (Fig. 2.1) have been relatively well defined. The occurrence of 
Proboscidina arcei in the Gydo Formation restricts it to the Emsian Age (Lower 
Devonian) (Boucot & Theron, 2004), whilst the occurrence of terebratuloid 
brachiopod Rhipidothyris in the Karoopoort Formation restricts it to the Givetian 
Age (Middle Devonian) (Boucot & Theron, 2001). These ages are in 
concordance with the age of the underlying Table Mountain Group, as well as 
detrital zircon age dating performed in this study.  
Seeing that the Bokkeveld – Witteberg transition is conformable, the Givetian 
Age (Middle Devonian) (Boucot & Theron, 2001) assigned to the uppermost 
Bokkeveld Group is thus also the maximum age of the Witteberg Group. This is 
supported by brachiopod and bivalve age restrictions of Givetian – Frasnian 
Ages from the base of the group (Boucot et al., 1983). The transgression along 
the contact between the Witpoort Formation and the overlying Lake Mentz 
Subgroup of the Witteberg Group has been suggested to represent the 
Devonian-Carboniferous boundary (Cooper, 1986; Loock & Visser, 1985; 
Theron, 1993), whilst paleoniscoid fish from the Waaipoort Formation (Fig. 2.1) 
are believed to be Visean (Early Carboniferous) in age (Jubb, 1965; Gardiner, 
1969; Loock & Visser, 1985). The Witteberg Group is unconformably overlain by 
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the glacial Dwyka Group of the Karoo Supergroup, in which tuff beds have been 
dated between 288 ± 3.0 Ma – 302 ±3.0Ma, which places the upper age-
constraint for the Witteberg Group between the Upper Carboniferous to Lower 
Permian. 
 
Figure 2.4 ~ Photograph of outcrop of the entire Bokkeveld Group near Wuppertal in the 
western part of Bokkeveld exposure. Photo courtesy of Dr. J.N. Theron. 
 
2.3 Detailed Stratigraphy 
 
The Bokkeveld Group is subdivided into the Ceres and Bidouw subgroups in the 
western part of the basin. To the east, the Traka Subgroup is the lateral 
equivalent of the Bidouw Subgroup. Most of the following descriptions are 
based on the work of Theron (1972). 
 
2.3.1 The Ceres Subgroup 
 
The Gydo Formation is the lowermost unit of the Bokkeveld Group, and rests 
conformably on top of the Nardouw Subgroup. It is widely known for its 
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abundant Malvinokaffric Fauna, including trilobites, brachiopods, bivalves, and 
crinoids to name a few (Theron, 1972).  
It consists mostly of dark coloured mudstone and shale at the base coarsening 
upwards to lesser amounts of siltstone, and subordinate immature sandstone. 
The mudstone is generally structureless, but occasionally horizontal lamination 
is observed. The siltstones contain a host of sedimentary structures, including 
hummocky cross-stratification, horizontal and ripple lamination, as well as 
current and wave ripples. Bioturbation is commonly observed, as is 
intraformational clay-pellet conglomerates, mudstone nodules, and slump 
structures. The contact of the Nardouw Subgroup with the Gydo Formation is 
conformable and is sharp to gradational over a 2m vertical distance (Theron, 
1999). The transition zone commonly displays a host of sedimentary structures 
including current ripples, wave ripples, interference ripples, planar cross-
bedding, and trough cross-bedding. Lenses of clay pellet conglomerate are also 
locally observed (Theron, 1972).  
Close to the northernmost exposure of the Gydo Formation at Botterkloof Pass, 
it attains a thickness of 127m. It then thins down to 85m at Wuppertal, thickens 
again to 150m at Tafelberg, again thins to 100m at its type section at the Gydo 
Pass, south of which it thickens dramatically to 300m in the Caledon surrounds 
(Fig. 2.3). Toward the eastern part of the basin, a thickness of 183m is 
observed at Gamkapoort, further east of which the formation again thickens 
drastically, exceeding 450m towards Uitenhage (Theron, 1999) (Fig. 2.3).  
In light of both the trace and body-fossil content, the Gydo Formation was most 
definitely deposited in a marine environment. It is generally accepted that the 
Gydo Formation represents the basal portion of a typical upward-coarsening 
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succession formed by the progradation of a delta (Theron, 1972; Tankard & 
Barwis, 1982). Hiller & Theron (1988) favour a delta-slope to inner shelf as the 
most likely depositional environment, as it satisfies the key sedimentological 
and paleontological features within the Gydo Formation. The contact between 
the Nardouw Subgroup and Gydo Formation is regarded as a marine flooding-
surface. Deepening of the basin through transgression is either due to tectonic 
subsidence (Theron, 1970,1972; Rust, 1973; Theron & Thamm, 1990), or a 
eustatic rise in sea-level (Cooper, 1986). This resulted in the argillaceous 
sediments of the Gydo Formation conformably covering the arenaceous 
sediments of the uppermost Nardouw Subgroup. Subsequent progradation of 
the delta during relative stillstand caused the stacking of the silty upper portion 
of the Gydo Formation over the basal muddy portion (Fig. 2.3).   
 
The Gamka Formation (Fig. 2.3) conformably overlies the Gydo Formation, 
and is the lowermost thick sandstone unit of the Bokkeveld Group. It forms the 
top of a typical, upward-coarsening deltaic unit of which the Gydo Formation 
forms the base, and is in turn overlain by the Voorstehoek Formation. The Gydo 
Formation consists mostly of medium to very fine grained, medium to thick-
bedded feldspathic sandstone with subordinate siltstone and mudstone. 
Common sedimentary structures observed are horizontal lamination, planar and 
trough cross-bedding, current and wave ripples. Intraformational conglomerate 
lenses, channel scours, slumping, and contorted beds are locally observed 
Theron, 1972).  
The Formation attains a thickness of 60m in the northernmost exposures, and 
thins to under a meter in the southern exposures. Towards the eastern part of 
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the basin the formation thickens to over 200m (Fig. 2.3). The contact of the 
Gamka Formation with the Gydo Formation is conformable, and sharp to locally 
erosive. The difference in lithology to the underlying Gydo Formation provides a 
clear boundary that can readily be observed in outcrop.         
The faunal content of the Gamka Formation is limited when compared to that of 
the underlying Gydo Formation, however, laterally extensive beds of coquinite 
containing a variety of invertebrate remains are present throughout (Theron, 
1995). The assemblage is rich in brachiopods and contains lesser amounts of 
bivalves as well as disarticulated crinoid ossicles. Common species include 
Australospirifer antarcticus, Australocoelia tourteloti, Derbyina variegate, 
Notiochonetes falklandicus, and Cryptonella baini (Theron, 1995). The 
ichnofauna described from the Gamka Formation includes Monocraterion, 
Arenicolites, Skolithos, Planolites, Rusophycus (Theron, 1995a;Unpublished 
data).       
The Gamka Formation forms the top of a typical upward-coarsening 
sedimentary package typical of a prograding delta. Given the marine setting of 
the underlying Gydo Formation, and a similar faunal and ichnofauna content of 
the Gamka formation, it is, similar to the Gydo Formation, marine in origin. 
Where the underlying Gydo Formation represents the shelf and delta slope part 
of the delta, the Gamka Formation preserves the sediments deposited in the 
delta top environment. In the south the sedimentological features indicate 
mouth-bar, shelf sand, and interdistributary bay environments, whereas in the 
northern, more proximal regions, shoreline, barrier bar, distributary mouth bar 
and channel facies are well represented (Theron 1972, Theron, 1995a).  
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The Voorstehoek Formation (Fig. 2.3) forms the lower part of the second 
upward-coarsening cycle of the Bokkeveld Group. It conformably overlies the 
Gamka Formation and is in turn conformably overlain by the Hex Rivier 
Formation. It consists mostly of mudstone and siltstone with subordinate 
sandstone (Theron, 1972). Common sedimentary structures include 
bioturbation, horizontal and ripple lamination, hummocky cross-stratification, 
current and wave ripples. Intraformational conglomerate lenses, slumping, 
gutter casts and lime-rich concretions are locally observed. In the northernmost 
outcrops the Voorstehoek formation attains a thickness of 53m which thickens 
southwards to 73m at Wuppertal, to 150m north of Ceres from where it thins to 
90m in the southernmost exposures south of Touws Rivier. Toward the 
easternmost outcrops the unit thickens to 100-300m between Willomore and 
Uitenhage (Johnson, 1976) (Fig. 2.3).  
The faunal content of the Voorstehoek Formation is most proliferous in the 
basal part of the unit. Although less abundant in fossil material than the Gydo 
Formation, numerous taxa have been described from the unit. Brachiopods and 
molluscs form the bulk of the fauna, with lesser amounts of trilobites, 
gastropods, cephalopods (Theron, 1972; Oosthuizen, 1984), and echinoderms 
(Jell & Theron, 1999). Towards the northern outcrops, abundant trace fossils of 
the Cruziana and Skolithos assemblages occur. 
The Voorstehoek Formation forms the basal part of the second upward-
coarsening deltaic cycle of the Bokkeveld Group. The fossil-content of the unit 
indicates a marine depositional environment for the entire formation. The base 
of the unit represents a marine transgression resulting in deeper water, finer 
material being deposited over the sandstones of the underlying Gamka 
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Formation. Hiller and Theron (1988) suggested a delta-slope to inner shelf 
depositional environment for the formation, whilst evidence of periods of brief 
exposure  in the northern exposures indicates the presence of shallower marine 
environments such as tidal flats (Theron, 1972).  
 
The Hex River Formation conformably overlies the Voorstehoek Formation, 
and is in turn conformably overlain by the Tra-tra Formation. Together with the 
underlying Voorstehoek Formation it forms a typical upward-coarsening cycle of 
a progradational deltaic succession. The unit consists mainly of fine to medium-
grained feldspathic arenite, fine grained wacke, and subordinate silty mudstone 
confined to the lower part of the unit. Common sedimentary structures include 
horizontal lamination, ripple lamination, micro-cross-lamination, planar cross-
bedding, trough cross-bedding and wave ripples. Bioturbation, intraformational 
conglomerate lenses, shallow channels and bars are locally observable.       
The average thickness of the unit is ca. 40m, attaining a maximum thickness of 
up to 90m (Theron, 1995b). As with all the arenitic units of the Bokkeveld Group, 
the unit becomes markedly finer-grained towards the southern exposures, until 
being indistinguishable from the under and overlying mudstones. The Hex River 
Formation, unlike the lowermost arenitic unit of the Bokkeveld Group, the 
Gamka Formation, thins out towards the east (Fig. 2.3). This trend continues in 
all successive arenitic Bokkeveld Group units above the Hex River Formation 
that can be correlated from west to east. The thinning of the arenitic units is 
accompanied by the thickening of their underlying argillaceous (shale) 
counterparts.  
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The faunal content of the Hex River Formation is somewhat restricted, with 
brachiopods such as Australocoelia, Cryptonella, and Mutationella making up 
the bulk of the taxa. Rare occurrences of molluscs, crinoids trilobites, and plant 
fragments have also been described from the unit (Theron, 1972, 1995b; 
Oosthuizen, 1984). Trace fossils such as Skolithos, Paleophycus, and in the 
northern exposures, Spirophyton, have also been found in the unit(Op cit.).    
The Hex River Formation, along with the underlying Voorstehoek Formation, 
completes the second upward-coarsening unit of the Bokkeveld Group. The unit 
is interpreted as representative of delta platform sediments deposited as barrier, 
beach, tidal and shoreface sands (Theron, 1972; Tankard & Barwis, 1982; 
Theron & Loock, 1988). 
 
The Tra-tra Formation conformably overlies the Hex River Formation, and is in 
turn conformably overlain by the Boplaas Formation, together with which it 
forms the third upward-coarsening cycle of the Bokkeveld Group (Fig. 2.3). The 
unit consists mainly of mudrock and siltstone, with subordinate sandstone. 
Common sedimentary structures include hummocky cross-stratification, wave 
and current ripples, horizontal lamination, as well as current and wave ripple 
cross-lamination. Bioturbation and calcareous mudstone lenses and nodules 
are locally observable. 
The unit is ca. 43m thick in the northern exposures, thickening southwards to ca. 
85m in the Wuppertal area and to over 100m further south to the Hex River 
Valley (Fig. 2.3). Towards the easternmost exposures the formation thickens 
rapidly, attaining a maximum thickness of 350m. 
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The faunal content of the Tra-tra Formation  is similar to the underlying 
argillaceous beds, with brachiopods making up the bulk of the fauna. Plant 
fragments are quite common in the unit, and in the northern outcrops, the trace 
fossil Spirophyton has been observed (Theron, 1972).  
Brachiopod fossils found throughout the unit indicate a marine environment for 
the whole formation. It is interpreted as having been deposited in a prodelta to 
inner-shelf environment (Theron, 1972). 
 
The Boplaas Formation conformably overlies the Tra-tra Formation, and is in 
turn conformably overlain by the Waboomberg Formation. Together with the 
underlying Tra-tra Formation, it forms a typical upward-coarsening cycle of a 
progradational deltaic succession (Fig. 2.3). The unit consists almost entirely of 
very fine to medium-grained feldspathic sandstone with subordinate mudrock. 
Common sedimentary structures include planar and trough cross-bedding, 
horizontal lamination, micro-cross-lamination, climbing-ripple lamination, and 
wave, current and interference ripples. Erosional channels, load-casts, 
intraformational conglomerates, and bioturbation are locally present. The 
formation tends to become more chemically and mineralogically mature towards 
the top. The upper part of the formation is characterized by trough cross-
bedding, and channels (Theron, 1995c).  
In the western basin, the unit has a thickness that varies between ca. 30-70m, 
whilst it thickens slightly to ca. 100m in the eastern part of the basin (Fig. 2.3). 
The faunal content of the Boplaas Formation is quite restricted. Only scarcely 
are brachiopods such as Australospirifer ceres (Oosthuizen, 1984) and 
gastropods (Theron, 1972) described. Characteristic beds littered with 
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fragmentary plant material are commonly found in the Boplaas Formation The 
lower portion of the unit is notably bioturbated, and trace fossils such as 
Teichichnus (Oosthuizen, 1984), Spirophyton, polychaete feeding structures, 
and star-like traces (Theron, 1972) have been described. 
The Boplaas Formation represents the upper part of the third upward-
coarsening cycle within the Bokkeveld Group. In light of the invertebrate fossils 
found in the unit, a marine setting is envisaged. It is interpreted as having been 
deposited in a delta-top environment, preserving evidence of shoreline 
processes (Fig. 2.3).  
 
2.3.2 The Bidouw Subgroup 
 
The Waboomberg Formation conformably overlies the Boplaas Formation, 
and is in turn conformably overlain by the Wuppertal Formation. The unit 
consists mostly of dark-grey carbon-bearing shale and mudstone in the middle, 
underlain by dark-grey siltstone and quartz wacke with thin shale intercalations, 
and overlain by intercalated siltstone and shale. Common sedimentary 
structures include current ripplemarks and cross-bedding, as well as horizontal 
lamination. Erosional channels and bioturbation can be locally observed 
(Theron, 1972). The formation attains a thickness of ca. 51 m in the northern 
exposures, thickening southward to 200m in the Ceres area, and thickening 
further, but slightly toward the south-west (Fig. 2.3).  
The faunal content of the Waboomberg Formation is restricted when compared 
to the argillaceous formations of the Ceres Subgroup, however, a highly 
fossiliferous zone occurs near the top of the formation, from which trilobite 
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remains and brachiopods have been described (Theron, 1972; Thamm & 
Johnson, 2006). The trace fossil Zoophycos has also been observed in 
bioturbated portions of the unit.  
The Waboomberg Formation, together with the overlying Wuppertal Formation 
makes up the fourth upward-coarsening cycle of the Bokkeveld Group. The 
fossil content of the unit suggests a marine depositional environment. It is 
interpreted as having been deposited in a prodelta to inner-shelf environment.  
 
The Wuppertal Formation  conformably overlies the Waboomberg Formation, 
and is in turn conformably overlain by the Klipbokkop Formation. Together with 
the underlying Waboomberg Formation, it forms a typical upward-coarsening 
cycle of a progradational deltaic succession (Fig. 2.3). The unit consists 
dominantly of micaceous quartz wacke and siltstone, with subordinate shale. 
Intraformational conglomerate lenses are common in the northern exposures, 
and the main sedimentary structures are trough cross-bedding, as well as 
oscillation and current ripplemarks (Theron, 1972).  
The unit reaches a maximum thickness of 67m at Wuppertal, and thins both 
north and southwards to 30m or less. Towards the east the unit becomes 
markedly less arenaceous, and is no longer discernable east of 21°E (Fig. 2.3).  
The faunal content of the Wuppertal Formation is restricted to ichnofossils such 
as invertebrate tracks and trails, as well as plant fragments. The Wuppertal 
Formation represents the upper part of the fourth upward-coarsening cycle of 
the Bokkeveld Group. It is interpreted as having been deposited in a marine 
setting and preserves sedimentary structures characteristic of nearshore 
processes. 
20 
 
 
The Klipbokkop Formation conformably overlies the Wuppertal Formation, 
and is in turn conformably overlain by the Osberg Formation (Fig. 2.3). Together 
with the overlying Osberg Formation, this unit forms the base of the fifth and 
final upward-coarsening cycle of the Bokkeveld Group, typical of a 
progradational delta succession. The unit consists of siltstone, shale and 
mudstone as well as fine-grained immature sandstone. The sandstone and 
siltstone beds display cross-bedding as well as oscillation and current 
ripplemarks.  
The unit thickens from ca. 110m in the northernmost outcrop area to ca. 300m 
in the southernmost exposures (Fig. 2.3) . This unit can not be discerned east of 
21°E (Fig. 2.3). 
The faunal content of the Klipbokkop Formation is restricted to ichnofossils such 
as invertebrate tracks and trails. 
 
The Osberg Formation conformably overlies the Klipbokkop Formation, and is 
in turn conformably overlain by the Karoopoort Formation (Fig. 2.3). Together 
with the underlying Klipbokkop Formation, this unit forms the upper part of the 
fifth and final upward-coarsening cycle of the Bokkeveld Group, typical of a 
progradational deltaic succession. The unit consists of medium to coarse-
grained feldspathic sandstone and quartz wacke. Common sedimentary 
structures include current ripplemarks, planar and trough cross-bedding (Theron, 
1972).  
The unit attains a maximum thickness of 53m at its type section in the Bidouw 
valley, which is also its northernmost outcrop, and thins rapidly southwards. 
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This unit is not discernable east of 21°E. The faunal content of the Osberg 
Formation is restricted to ichnofossils such as invertebrate tracks and trails, as 
well as plant fragments.  
 
The Karoopoort Formation conformably overlies the Osberg Formation, and 
forms the uppermost unit of the Bokkeveld Group (Fig. 2.3). It is conformably 
overlain by the lowermost arenaceous unit of the Witteberg Group. The 
Karoopoort Formation represents a transgressive sequence that terminated 
Bokkeveld Group sedimentation. The unit consists of siltstone, quartz wacke, as 
well as minor shale beds. The unit attains a maximum thickness of ca. 48m at 
its type section at Karoopoort, and thins rapidly southwards. This unit is not 
discernable east of 21°E.  
The faunal content of the Karoopoort Formation is quite restricted, and consists 
mainly of ichnofossils such as invertebrate tracks and trails, as well as plant 
stems. Rare Brachiopod casts have also been found (Boucot & Theron, 2001) 
 
2.4      Basin Development 
 
A marked change in sedimentation style occurs at the Table Mountain / 
Bokkeveld boundary. The rather monotonous quartz-arenites of the Table 
Mountain Group give way to the upward-coarsening, stacked sedimentary 
packages of the Bokkeveld Group, each package grading from mudstone to 
siltstone, to immature sandstone, with two formations, a fine-grained, and a 
coarse-grained, making up one upward coarsening cycle. The Bokkeveld Group 
as a whole is interpreted as a preservation of delta-complexes prograding into a 
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wave and storm dominated epeiric sea, with stacking of the separate delta-
complexes due to progradation, and marine transgressions and regressions 
(Theron, 1970,1972). 
Bokkeveld Group was deposited as a series of marine deltaic complexes with a 
northern provenance area, prograding south to south-westwards into an epeiric, 
Lower Devonian sea. Numerous transgressions and regressions, either through 
subsidence in a tectonically unstable basin (Theron, 1970,1972; Rust, 1973; 
Theron & Thamm, 1990), or through eustatic sea-level changes (Cooper, 1986), 
can be recognized in the stacking of up to five complete upward coarsening 
cycles.  
Detailed paleocurrent analysis as well as isopach maps  (Fig. 2.5) compiled by 
Theron (1972) revealed the morphology of the basin quite clearly, and from this 
data he was able to construct an interpretive model of South Africa during 
Bokkeveld deposition (Fig.2.6). Paleocurrent analysis indicates a south to 
southwestern sediment transport direction, and thus a northern provenance 
area. This matches the grain size and isopach maps, indicating that the 
Bokkeveld Group thins and becomes coarser-grained towards the north, 
supporting a northern source (Fig. 2.6).  
The outcrops representative of the most proximal outcrops of the Bokkeveld 
Group are found in the western basin around the Nieuwoudtville area, north of 
which the Bokkeveld Group has been eroded away by the Dwyka glaciation. 
Further east, the Bokkeveld Group is overlain by the Karoo Supergroup, but 
inland boreholes confirm that the unit extends much further northwards than its 
outcrop pattern (Winter & Venter, 1970), indicating that a large part of especially 
the more proximal facies remain hidden under younger, Karoo Supergroup 
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cover. The sandstone units thin and eventually become so argillaceous to the 
southernmost outcrops, that correlation is impossible. The southernmost part of 
the basin is thus interpreted as the distal equivalent of the northern exposures, 
evidently deposited in a deeper part of the basin (Theron, 1972).  
Theron (1972) divided the Bokkeveld Group into two basins namely the 
Clanwilliam (western) and the Agulhas (eastern) basin on the basis of 
morphological differences. The isopach map (Fig. 2.5) clearly reveals that the 
axis of the western basin is aligned roughly in a north-west, south east direction, 
with the isolines curving northward around the basin trough. This fact, along 
with paleocurrent directions seem to indicate a shallowing of the basin not only 
to the north, but to the west as well, and it seems likely that sediment input from 
a western source, outside of the bounds of the Kalahari Craton was present 
during Bokkeveld times. In the eastern basin only the lower 6 formations can be 
positively correlated from the west to the east. The upper 5 formations that can 
be distinguished in the west are merged into only three formations in the east, 
and lack the cyclic nature of the western outcrops, in that the discreet 
sandstone beds on top of the upward-coarsening packages are not present, 
and instead the formations are much more argillaceous than their western 
counterparts (Fig. 2.3).  
Theron’s (1972) study also revealed that the thickness of the Bokkeveld Group 
increases dramatically in the eastern basin. He ascribed this to an accelerated 
rate of subsidence in the eastern basin with respect to the western basin. 
Others though have pointed out that the thickness measurements, especially in 
the southern and eastern outcrop areas might be exaggerated due to thrusting 
and stratigraphic duplication (Shone & Booth, 2005). Whilst the southern and 
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eastern outcrop areas are significantly more deformed than the northern 
outcrop areas, and thrusting and probably duplication most certainly did take 
place, it is hard to imagine that the increase in thickness to the east seen in all 
three units of the Cape Supergroup is due to stratigraphic duplication. As can 
be seen from fig. 2.3, a ca. 5000m increase in thickness from the western to the 
eastern basin is apparent throughout the three subdivisions of the Cape 
Supergroup. The Table Mountain Group has a difference in thickness of ca. 
320m. During Bokkeveld times, the increase is ca. 2500m, and in the Witteberg 
Group a similar increase of ca. 2250m is observed. If the increase in thickness 
is truly a representation of increased sediment volume, a marked change in 
local (eastern) tectonic activity must have taken place after the cessation of 
Table Mountain Group sedimentation, in order to accumulate sediment volumes 
so much larger than in the western basin.  
 
Figure 2.5 ~ Isopach and flow-pattern map of the Bokkeveld Group. Modified from Rust, (1973). 
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Figure 2.6 ~ Interpretive model of South Africa during Bokkeveld Deposition. From Theron, 1972 
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Chapter 03 ~ Description of Sample Sets 
  
3.1 Geochemistry Samples 
 
3.1.1 Sampling Strategy 
 
In order to characterize the Bokkeveld group as a whole, and to investigate 
whether the stratigraphic and sedimentological differences observed between 
the different parts of the basin by previous researchers are linked to 
geochemical and provenance differences, the group was divided into three 
sampling areas, namely the western, southern, and eastern sampling areas (Fig. 
3.1). Three samples were taken from each formation in each sampling area. 
The prefix to each sample name indicates the area from which it was sampled 
(i.e. WGY = Gydo Formation, western sample set; SGY = Gydo Formation, 
southern sample set; EGY = Gydo Formation, Eastern sample set). In order to 
facilitate rapid area recognition of the three sampling areas, the colour scheme 
adapted in Fig. 3.1 (i.e. West = red, South = blue, East = green) will be used 
throughout this text to denote the different sample areas.  
 
3.1.2 Western Sample Set 
 
The western sample set comprises 35 samples, three from each of the 11 
formations (6 shale units and 5 sandstone units), and two extra samples from 
the Gydo Formation (Table 3.1). The samples from the Voorstehoek Formation, 
as well as the northern three samples of the Gydo Formation do not represent  
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Figure 3.1 ~ The distribution of the Bokkeveld Group in South Africa, with the three sampling 
areas indicated by coloured stippled circles. 
 
the generalized lithology (shale) of these formations, having been sampled in 
the northernmost outcrop area of the Bokkeveld Group where the shale beds 
become more arenaceous (Theron, 1972). Figs. 3.3-3.7 display the sample 
area for the western sample set, as well as the specific localities of samples 
taken.    
 
3.1.3 Southern sample set 
 
The southern sample set comprise 24 samples, 3 samples from each of the 
eight formations (4 shale units and 4 sandstone units) that outcrop in the 
sample area (Table 3.2). The upper 3 formations (Klipbokkop, Osberg, 
Karoopoort) are absent in the southern exposures of the Bokkeveld Group. 
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Figure 3.3  ~ Map locations of the western sample maps 
 
The samples from the Gamka and Tra-tra Formations do not represent the 
generalized lithology of the units (sandstone and shale respectively), having 
been sampled from finer and coarser grained units within the formations 
respectively. Figs. 3.8-3.9 display the sample area for the southern sample set, 
as well as the specific localities of samples taken.    
 
Table 3.1 ~ List of samples from the western sampling area. 
Sample 
name 
Formation Rock Type Figure 
number 
    
WGY1A Gydo light brown micaceous siltstone 3.3 
WGY1B Gydo light brown micaceous siltstone 3.3 
WGY1C Gydo light brown micaceous siltstone 3.3 
WGY3A Gydo Dark black mudstone 3.4 
WGY3B Gydo Dark black mudstone 3.4 
WGA1A Gamka White micaceous sandstone 3.3 
WGA1B Gamka White micaceous sandstone 3.3 
WGA1C Gamka White micaceous sandstone 3.3 
WVH1A Voorstehoek Light brown sandy siltstone 3.3 
WVH1B Voorstehoek Brown micaceous sandy siltstone 3.3 
WVH1C Voorstehoek Brown micaceous sandy siltstone 3.3 
WHR2A Hex Rivier Light grey sandstone 3.6 
WHR2B Hex Rivier Light grey sandstone 3.6 
WHR2C Hex Rivier Light grey sandstone 3.6 
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Sample 
name 
Formation Rock Type Figure 
number 
    
WTR2 A Tra-tra Dark grey to black mudstone  3.6 
WTR2 B Tra-tra Dark grey to black mudstone  3.6 
WTR2 C Tra-tra Dark grey to black mudstone  3.6 
WBP1A Boplaas light grey sandstone 3.6 
WBP1B Boplaas light grey sandstone 3.6 
WBP1C Boplaas light grey sandstone 3.6 
WWB1A Waboomberg Dark black mudstone 3.6 
WWB1B Waboomberg Dark black mudstone 3.6 
WWB1C Waboomberg Dark black mudstone 3.6 
WWU1A Wuppertal Cream coloured sandstone 3.4 
WWU1B Wuppertal Light brown micaceous sandstone, rim 
alteration 
3.4 
WWU1C Wuppertal Light purplish brown sandstone 3.4 
WKL4A Klipbokkop Light brown slightly micaceous silty 
mudstone 
3.5 
WKL4B Klipbokkop Light grey medium grained micaceous 
sandstone 
3.5 
WKL4C Klipbokkop Dark black to brown slightly micaceous 
silty mudstone 
3.5 
WOS1A Osberg Micaceous whi e sandstone 3.5 
WOS1B Osberg Micaceous white sandstone 3.5 
WOS1C Osberg Micaceous white sandstone 3.5 
WKP1A Karoopoort Dark black highly micaceous silty 
mudstone  
3.5 
WKP1B Karoopoort Dark black highly micaceous silty 
mudstone  
3.5 
WKP1C Karoopoort Dark black highly micaceous silty 
mudstone  
3.5 
 
3.1.4 Eastern sample set 
 
The eastern sample set comprise 27 samples, three samples from each of the 9 
formations (5 shale units and 4 sandstone units) that outcrop in the area (Table 
3.3). As noted earlier, above the Boplaas Formation the eastern part of the 
Bokkeveld can not be correlated with the western part of the Bokkeveld 
exposure, and three formations take the place of the upper five formations 
present in the west. Figs. 3.10-3.12 display the sample area for the eastern 
sample set, as well as the specific localities of samples taken.    
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Figure 3.4 ~ Western Sample Map 1 digitized from Calvinia 3118 of the 1:250 000 geological 
series, 2001, South African Council for Geoscience 
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Figure 3.5 ~ Western Sample Map 2 digitized from Clanwilliam 3218 of the 1:250 000 geological 
series, 1973, South African Council for Geoscience 
 
Figure 3.6 ~ Western Sample Map 3 digitized from Geology of the Ceres Arc, 1:100 000, 1999, 
South African Council for Geoscience 
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Figure 3.7 ~ Western Sample Map 4 digitized from Geology of the Ceres Arc, 1:100 000, 1999, 
South African Council for Geoscience 
 
 
Figure 3.8 ~ Map location of the southern sample map 
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Table 3.2 ~ List of samples from the southern sampling area 
Sample Formation Rock Type Map 
numbe
r 
    
SGY1A Gydo Light brown to black bioturbated mudstone 3.9 
SGY1B Gydo Light brown to black bioturbated mudstone 3.9 
SGY1C Gydo Dark black mudstone 3.9 
SGA1A Gamka Dark grey slightly micaceous siltstone 3.9 
SGA1B Gamka Dark grey slightly micaceous siltstone 3.9 
SGA1C Gamka Dark grey slightly micaceous siltstone 3.9 
SVH1A Voorstehoe
k 
Cream coloured mudstone 3.9 
SVH1B Voorstehoe
k 
Cream and black mudstone, black organic 
traces 
3.9 
SVH1C Voorstehoe
k 
Cream and black mudstone, black organic 
traces 
3.9 
SHR1A Hex Rivier Micaceous grey sandstone 3.9 
SHR1B Hex Rivier Micaceous grey sandstone 3.9 
SHR1C Hex Rivier Brown slightly micaceous sandstone 3.9 
STR1A Tra-tra Grey micaceous sandy siltstone 3.9 
STR1B Tra-tra Grey micaceous sandy siltstone 3.9 
STR1C Tra-tra Grey micaceous sandy siltstone 3.9 
SBP1A Boplaas Light grey sandstone 3.9 
SBP1B Boplaas Light grey sandstone 3.9 
SBP1C Boplaas Light grey sandstone 3.9 
SWB1A Waboombe
rg 
Dark grey to black mudstone 3.9 
SWB1B Waboombe
rg 
Cream and black mudstone  3.9 
SWB1C Waboombe
rg 
Cream and black mudstone  3.9 
SWU1A Wuppertal Grey sandstone 3.9 
SWU1B Wuppertal Grey sandstone 3.9 
SWU1C Wuppertal Grey sandstone 3.9 
 
3.2 Zircon Sample Set 
 
Heavy mineral separates of the 4th sandstone unit namely the Wuppertal Fm. In 
(Adolphspoort Fm. In the east), were supplied by Dr. J.N. Theron (Fig. 3.13). 
Three samples were chosen from three different localities, in order to match the 
distribution of the geochemistry samples taken in the field. The three localities 
chosen were Botterkloof to compliment the western geochemical sample set,  
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Figure 3.9 ~ Southern sample map 1 digitized from Worcester 3319 of the 1:250 000 geological 
series, 1988, South African Council for Geoscience 
 
Table 3.3 ~ List of samples from the eastern sampling area 
Sample Formation Rock Type Map 
number     
EGY1A Gydo Light brown sandy mudstone 3.11 
EGY1B Gydo Light brown sandy mudstone 3.11 
EGY1C Gydo Light brown sandy mudstone 3.11 
EGA1A Gamka light grey slightly micaceous sandstone 3.11 
EGA1B Gamka light grey slightly micaceous sandstone 3.11 
EGA1C Gamka light grey slightly micaceous sandstone 3.11 
EVH1A Voorstehoe
k 
Light grey mudstone 3.11 
EVH1B Voorstehoe
k 
Cream coloured mudstone 3.11 
EVH1C Voorstehoe
k 
Light brown mudstone 3.11 
EHR1A Hex Rivier Light grey sandstone 3.11 
EHR1B Hex Rivier Light grey sandstone 3.11 
EHR2C Hex Rivier Dark grey sandstone 3.11 
ETR1A Tra-tra Light brown mudstone 3.11 
ETR1B Tra-tra Light orange-red mudstone 3.11 
ETR1C Tra-tra Deep purplish red mudstone 3.11 
EBP1A Boplaas Dark purplish brown micaceous 
sandstone 
3.11 
EBP1B Boplaas Dark purplish brown sandy siltstone 3.11 
EBP1C Boplaas Dark grey a dstone 3.11 
EKA1A Karies Light brown micaceous mudstone 3.11 
EKA1B Karies Light grey-brown micaceous mudstone 3.11 
EKA1C Karies Light grey-brown micaceous mudstone 3.11 
EAP1A Adolphspoo
rt 
Dark grey-brown micaceous siltstone 3.11 
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Sample Formation Rock Type Map 
number 
    
EAP1B Adolphspoo
rt 
Dark grey-brown micaceous siltstone 3.11 
EAP1C Adolphspoo
rt 
Light brown slightly micaceous siltstone 3.11 
ESP1A Sandpoort Light grey micaceous sandstone 3.12 
ESP1B Sandpoort Light grey micaceous sandstone 3.12 
ESP1C Sandpoort Light grey micaceous sandstone 3.12 
 
 
Figure 3.10 ~ Map locations of the eastern sample maps 
 
Figure 3.11 ~ Eastern sample map digitized from Port Elizabeth 3324 of the 1:250 000 
geological series, South African Council for Geoscience 
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Figure 3.12 ~ Eastern sample map digitized from Port Elizabeth 3324 of the 1:250 000 
geological series, South African Council for Geoscience 
 
 
Figure 3.13 ~ Localities of samples taken for detrital zircon age determinations. 
 
Caledon to compliment the southern geochemical sample set, and Grootrivier to  
compliment the eastern geochemical sample set (Fig. 3.13). 
These samples were collected by method of chip-sampling through the entire 
formation, and separating the heavy-minerals by means of dense-medium 
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separation. Zircons were separated from the heavy-mineral fraction by hand-
picking, and mounted in epoxy resin blocks for analyses.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
38 
 
Chapter 04 ~ Petrography and Mineralogy 
 
4.1 Petrography 
 
Overall, the arenaceous units of the Bokkeveld Group appear as fine to very 
fine-grained quartz wackes to feldspathic wackes. The only medium-grained 
sample was from the Osberg Formation.  The grain size of the arenaceous units 
visibly decreases from north to south, and is markedly finer in the east than in 
the west. Accompanying the decrease in grain size, an increase in matrix is also 
prominent.  
The most abundant type of grain in all of the arenaceous units is quartz. 
Feldspar, mica, and occasionally rock fragments and chert make up the 
remainder of the grains. The most common heavy mineral grains found are 
zircon, brookite and rutile, tourmaline, monazite and apatite, of which zircon is 
by far the most abundant. All the arenaceous units are well sorted with sub-
rounded grains. Silica overgrowths on the quartz grains are common, but the 
original grain boundaries are still discernable. Most of the arenaceous samples 
have a fine-grained clay matrix between the grains.    Figs. 4.1-4.4 are 
photomicrographs of the arenaceous units from all three sample areas, 
displaying the grain-size variations within the same formation from the different 
sample areas. Fig. 4.5 shows photomicrographs of some of the argillaceous 
units which were coarser-grained than expected for the predominantly 
mudstone and shale rich Gydo, Voorstehoek, and Tra-tra Formations. The 
sample of the Gamka Formation in the southern sample area (Fig. 4.1) is quite 
fine grained and is best described as a siltstone, while the eastern sample is a 
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very fine-grained sandstone (Fig. 4.1). The Hex Rivier Formation shows 
appreciable fining from west to south and east (Fig. 4.2), whilst the Boplaas 
Formation (Fig. 4.3) does not fine much to the south, but quite significantly 
towards the east. The Wuppertal Formation (Fig. 4.4) fines appreciably to the 
south. The Osberg Formation (Fig. 4.5) is the coarsest of all the arenaceous 
samples but was not sampled in the southern sample area, while the Sandpoort 
Formation (Fig. 4.5) displays a similar grain-size as the rest of the arenaceous 
units in the east. The samples of the argillaceous Gydo and Voorstehoek 
Formations from the western sample area, and of the Tra-tra Formation in the 
southern sample area are represented by fine-grained quartz-rich siltstone to 
very fine-grained sandstone (Fig. 4.6). These grain-size variations reflect also in 
the whole-rock geochemistry of the samples (see chapter 05). 
 
Gamka 
 
Figure 4.1 ~ Thin section photographs of the Gamka Formation. 5x Magnified, Top photographs 
are transmitted light, and bottom photographs plane polarized. 
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Hex Rivier 
 
Figure 4.2 ~ Thin section photographs of the Hex Rivier Formation. 5x Magnified, Top 
photographs are transmitted light, and bottom photographs plane polarized. 
 
Boplaas 
 
Figure 4.3 ~ Thin section photographs of the Boplaas Formation. 5x Magnified, Top 
photographs are transmitted light, and bottom photographs plane polarized. 
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Wuppertal 
 
Figure 4.4 ~ Thin section photographs of the Wuppertal Formation. 5x Magnified, Top 
photographs are transmitted light, and bottom photographs plane polarized. 
 
 
Figure 4.5 ~ Thin section photographs of the Osberg and Sandpoort Formations. 5x Magnified, 
Top photographs are transmitted light, and bottom photographs plane polarized. 
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Figure 4.6 ~ Thin section photographs of the western Gydo and Voorstehoek Formations, and 
the southern Tra-tra Formation. 5x Magnified, Top photographs are transmitted light, and 
bottom photographs plane polarized. 
 
4.2 X-ray Diffraction (XRD) results 
 
The major-phase mineralogy of the samples as determined by XRD is quite 
similar for the different samples of all three the sample areas (Table 4.1). 
Quartz and muscovite are the dominant phases in nearly all of the samples, 
with albite, orthoclase and microcline making up the majority of the feldspar 
content. Illite, chlorite, and chlinochlore are the dominant clay-mineral phases, 
and are present as matrix in both the arenaceous and argillaceous units. 
Microcline is almost exclusively found in the arenaceous units of the western 
sample area, together with orthoclase, whilst albite and orthoclase are the 
dominant feldspars found in the southern and eastern sample sets (Table 4.1). 
Illite is the most common clay-mineral phase throughout the three sample areas. 
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Table 4.1 ~ XRD mineralogy results for all samples from all three sample areas. 
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Chapter 05 ~ Geochemical Data 
 
5.1 Sample Preparation and Analytical Methods 
 
From the 7 samples taken per outcrop, three of the visibly most unaltered (fresh) 
samples were selected for geochemical analyses. As far as possible, any visible 
alteration, such as rim stains were removed by diamond saw. The remaining 
block was then sawed in half. One half was sawed into blocks small enough to 
be easily milled, whilst from the remaining block, a thin section sized block was 
sawed off, and a thin section prepared. After division of the original block, all 
pieces intended for geochemical analyses were washed off with water, dried 
and stored in plastic bags until further processing. 
Powdering was performed with a chrome-steel disk mill. From the sample 
blocks prepared for milling as many as possible were inserted into the mill-pot, 
and milled until a fine powder (all particles clay-sized or smaller) was obtained. 
Approximately 75 g of the powder was stored in polyethylene polytops, and the 
remaining powder discarded. 
Cleaning of the mill-pot and disks before and after milling a sample set was 
done, in order, by the following procedure: 
 Scrubbing the mill-pot, disks and puck with soap and water. 
 Drying the components. 
 Milling a quantity of coarse-grained sand for 1 minute. 
 Scrubbing the components with soap and water. 
 Drying the components. 
 Wiping the components with paper towels soaked in acetone 
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Between samples from the same outcrop (within the same sample set), milling a 
quantity of coarse-grained sand was not conducted. 
In order to analyze certain trace-elements by X-ray fluorescence (XRF), 
pressed powders were created of all powdered samples. This was done by 
mixing 8.000g of sample and 4.0g of Herzog Binder (a mixture of wax and 
cellulose) to a homogeneous mixture and pressing the mixture into an 
aluminium cup under 3-4 tons of pressure. In order to obtain concentrations for 
the elements Sc, Hf, Ce, Cs, Ta, Th, U, and La with small enough errors, all 
geochemical samples were sent for analysis by neutron activation at ACME 
laboratories, Canada (for more information refer to www.acmelab.com). 
In order to analyze major elements by X-ray Fluorescence, fusion disks of all 
sample powders were created. This was done by fusing ca. 1g of sample 
powder with ca. 6g of a lithium borate flux. Once fusion was achieved, the 
molten flux – sample mixture was poured into a platinum casting dish to form a 
glass bead necessary for XRF analysis.  
In order to measure the volatile loss on ignition, ca. 1g of all sample powders 
were heated in porcelain crucibles to a temperature of between 1000°C and 
1100°C. The volatile loss was determined by weight difference. The sample 
analyses and preparation described above was entirely conducted at the central 
analytical facility (SPECTRAU) of the Faculty of Science at the University of 
Johannesburg.  
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5.2 Major Element Results 
 
In order to facilitate easy comparison of major element concentrations of 
samples from the three different sample areas, the results were grouped into 
sandstones and shales. Five sandstone units were sampled in the west, and 
four each in the south and east (Tables 5.1-5.3). The shale units number six in 
the west, four in the south, and five in the east. (Tables 5.4-5.6). 
 
5.2.1 Sandstone 
 
The western samples display the highest average SiO2 values of the 3 sample 
sets (more than 10% higher than the eastern and southern sample sets), and 
accordingly also the lowest values for all other average major-element 
concentrations (Fig. 5.2). The southern and eastern sample sets show similar 
average SiO2 values, and as such, very similar average concentrations for the 
rest of the major elements (Fig. 5.2). Where the SiO2 values of the western 
sandstones stay essentially constant throughout the succession, the southern 
set displays a steady increase in SiO2 values with stratigraphic height from ca. 
64% to 85% (Table 5.2, Fig. 5.2), and the eastern samples show elevated SiO2 
values in the Gamka and Sandpoort Formations (Table 5.3). Al2O3 
concentrations are inversely proportional to SiO2 values, as a result of 
aluminosilicate minerals being diluted by quartz (Fig. 5.1).   
The sum of all major elements, excluding  SiO2, and Al2O3, increases from west 
to south to east, and is < 3% for the western set, < 9% for the southern set, and 
<10% for the eastern sample set (Tables 5.1-5.3). 
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Figure 5.1 ~ Al2O3 vs. SiO2 plot of average values for the sandstone units. 
 
Fe2O3 and MgO concentrations seem to be directly proportional to the Al2O3 
concentration (Fig. 5.3), probably as a result of the concentration of iron and 
magnesium in aluminosilicate minerals. CaO shows a positive correlation with 
Na2O and K2O in all 3 sample areas (Fig. 5.2), probably related to the feldspar 
content, with the concentrations of calcium and sodium being governed by 
plagioclase, and potassium by K-feldspar.  
The K2O concentration of the western set is elevated with respect to the calcium 
and sodium concentrations (Fig. 5.2). This observation could be explained by a 
dominance of K-feldspar over plagioclase, but this is not in agreement with 
petrographic investigations. Instead, the high detrital muscovite content of the 
western samples (Tables 3.1 & 4.1) is thought to be the main contributor to this 
phenomenon. Support for this comes from the low K2O concentration of the 
Boplaas Formation, which is also much less micaceous than the under and 
overlying arenaceous formations.
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Table 5.1 ~ Major Element Composition of Western Sandstones. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Table 5.2 ~ Major Element Composition of Southern Sandstones. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Table 5.3 ~ Major Element Composition of Eastern Sandstones. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Figure 5.2 ~ Major element variations of the sandstone units. Red lines indicate western samples, blue lines southern samples, and green lines eastern 
samples. 
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Figure 5.3~ Plot of Fe2O3 + MgO vs. Al2O3 for the sandstone units. 
 
 
Figure 5.4 ~ Plot of CaO vs. Na2O for the sandstone units. Both axes are logarithmic. 
 
The TiO2 concentration of the western set increases with stratigraphic height 
from 0.28 to 0.78 wt %, whilst the inverse is true for the southern and eastern 
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sets which decrease from ca. 0.9 to 0.33 and 0.59 wt. % respectively (Fig. 5.2). 
The phases rutile and brookite are the main titanium-bearing minerals in the 
samples. Seeing that only brookite shows a systematic change with 
stratigraphic position, the trends in TiO2 concentration are probably governed by 
this phase (Fig. 5.5).  
 
 
Figure 5.5 ~ Rutile and brookite point-counting percentages relative to stratigraphic position for 
the sandstone units. Data from Theron, (1972).  
 
The P2O5 concentrations of the western sample set mirrors that of the southern 
and eastern sets. Phosphate bearing phases present are apatite and monazite, 
both of which have higher concentrations in the south and east with respect to 
the west (Theron, 1972), and thus provides an explanation for the observed 
trend in P2O5 concentration.   
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The MnO concentration in the western sample set was below the detection limit 
for the analytical method employed, whilst the eastern and southern sample 
sets have almost identical concentrations, except for a slightly higher 
concentration in the Hex Rivier Formation from the southern sample area. 
(Tables 5.1-5.3) 
 
5.2.2 Shale 
 
The shale units display lower average SiO2 values than the sandstone units, 
with values ranging between ca. 56 and 72 wt.% (Tables 5.4-5.6). The 
concentrations of the 3 different sample sets are more or less similar, with no 
clearly recognizable trends. As in the sandstones, Al2O3 and the rest of the 
major elements are inversely proportional to SiO2 concentration as a result of 
quartz dilution.  
Iron and magnesium however do not show correlation to Al2O3 as in the 
sandstones, pointing to a different host than aluminosilicates for these elements 
(Fig. 5.6). Taking into account that apart from quartz, the main phases in the 
shale units are clay minerals (Table 4.1), it seems reasonable to assume that 
the bulk of the iron and magnesium is hosted within the clay matrix. Similarly, 
the rest of the major elements have very similar concentrations for all of the 
three sample sets, with much less variation than in the sandstones. It seems 
reasonable to assume that the clay matrix is host to the bulk major element 
content, seeing as the only other dominant phase present in the shale units, 
besides for muscovite, is quartz, which is relatively depleted in all of the major 
elements but silica. 
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Figure 5.6 ~ Plot of Fe2O3 vs. Al2O3 for the shale units. 
 
5.2.3 Summary of Stratigraphic Variations in Major Element 
Concentration 
 
Figure 5.8 displays element variation diagrams for all formations from all three 
sample areas. Immediately noticeable is the ―zig-zag‖ patterns of SiO2, Al2O3, 
Fe2O3, and MgO which is the result of quartz dilution lowering the 
concentrations of major elements in the sandstone samples relative to the 
mudrock samples. The southern sample set does not follow this pattern very 
well, and this can be ascribed to the maturity of the Gamka and Tra-tra 
Formations, being less and more mineralogically mature than expected for 
these formations (See sections 3.1.3 & 4.1). 
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5.3 Trace Element Results 
 
5.3.1 General Remarks on Trace Element Geochemistry 
 
Trace element concentrations are reported in Tables 5.7-5.9. As with the major 
elements, the SiO2 concentration seems to play the largest role in determining 
the abundance of total trace elements (Fig. 5.9). Total trace element content 
decreases with increasing SiO2 content, with variability in total trace element 
concentration of about 1500ppm evident at any given SiO2 value. This indicates 
that while dilution of trace elements by quartz is important, the high variability in 
trace element concentration at any given SiO2 value must be determined by 
factors not associated with the silica content. The southern sample set shows 
markedly less variability in total trace element concentration at a given SiO2 
value (ca. 800 ppm), suggesting that the trace element chemistry of the host 
rocks were more homogenous than in the western and eastern sample sets. 
 
5.3.2 Bivariate Diagrams 
 
A convenient way to evaluate element behaviour in pairs is by plotting their 
concentrations against each other on a bivariate plot. While it is evident from fig. 
5.9 that the SiO2 content plays a major role in the overall abundance of trace 
elements in a given sample, bivariate plots determine the role for individual 
elements much more clearly. 
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Table 5.4 ~ Major Element Composition of Western Shales. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Table 5.5 ~ Major Element Composition of Southern Shales. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Table 5.6 ~ Major Element Composition of Eastern Shales. 
Listed in order with the lowest stratigraphic unit is listed at the top of the table. 
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Figure 5.7 ~ Major element variations of the shale units. Red lines indicate western samples, blue lines southern samples, and green lines eastern 
samples. 
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Figure 5.8 ~ Major element variations with stratigraphic position for all the units. Red = West, Blue = South, and Green = East
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Figure 5.9 ~ Bivariate plot of all samples showing the wt. % SiO2 against the sum of the trace 
elements (Ba – Ce) concentrations in ppm. Sandstone fields are filled by dots, and shale fields 
by stripes. 
 
Bivariate plots were constructed with SiO2 wt. % against a selection of trace 
elements used in many of the diagrams in this text (Figs. 5.10 & 5.11). From 
these diagrams it is evident that the elements Rb, Cs, Nb, Sc, and Th are most 
strongly negatively correlated with the silica content of the sample. This 
negative correlation indicates that quartz grains that normally do not host 
significant concentrations of trace elements can also not be the determining 
factor for these trace elements in the samples. Rather, these elements are 
situated in aluminosilicate phases. The only trace-element that displays positive 
correlation with SiO2, although very weakly, is Zr (Fig. 5.11). This could reflect 
sorting of zircon into more mature quartz-rich arenite. Since quartz is the main 
host mineral for silica in clastic sediments, quartz itself is not normally host to 
significant concentrations of trace elements, and the quartz content of a clastic 
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sedimentary rock is largely the result of reworking processes during transport, it 
can then be assumed that the concentrations of these elements is dependant, 
as quartz is, on physical, pre-depositional parameters. 
 
5.3.3 Multi-Element Diagrams 
 
Apart from bivariate diagrams, another useful way to evaluate the trace element 
distribution in sedimentary rocks is to plot the trace element data on multi-
element diagrams or so-called ―Spider Diagrams‖. In such diagrams the trace 
element concentrations of a sample are normalized to a standard value, 
typically chondritic values, and plotted as a line diagram, with elements 
increasing in compatibility, with respect to a small percentage of mantle melt, 
from left to right (Figs. 5.12-5.17). On the multi-element diagrams all the 
samples from the Bokkeveld Group follow a pattern very similar to that of the 
Upper Continental Crust (UCC). The only real exceptions are large negative 
anomalies of K, Sr and P relative to UCC which is evidently due to the removal 
of these relatively mobile elements in solution during transport, recycling and 
weathering. In all the sample areas the highly compatible elements Tb, Y, Yb 
appear enriched in the shales relative to the sandstones (Figs. 5.12-5.17). This 
is evidently due to less resistant (typically mafic) minerals being hydraulically 
sorted from the coarser-grained (sand) fraction during transport, however, it is 
interesting to note that Ti does not show this fractionation, probably due to the 
physically resistant, Ti-bearing heavy minerals rutile and brookite that tend to be 
sorted into the coarser sediment fraction.  A notable negative Y anomaly 
appears in the western sandstone samples, and is not present in the other 
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sample areas, however, the reason for this anomaly could not be determined 
through mineralogical investigations.  
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Table 5.7 ~ Trace element results for the western sample set. BDL = Below Detection Limit 
 
 
 
 
 
66 
 
Table 5.8 ~ Trace element results for the southern sample set. BDL = Below Detection Limit 
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Table 5.9 ~ Trace element results for the eastern sample set. BDL = Below Detection Limit 
68 
 
 
Figure 5.10 ~ Bivariate plots of SiO2 against selected trace-elements 
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Figure 5.11 ~ Bivariate plots of SiO2 against selected trace-elements 
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Figure 5.12 ~ Multi-element diagram for sandstones from the western sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
 
Figure 5.13 ~ Multi-element diagram for shales from the western sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
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Figure 5.14 ~ Multi-element diagram for sandstones from the southern sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
 
Figure 5.15 ~ Multi-element diagram for shales from the southern sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
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Figure 5.16 ~ Multi-element diagram for sandstones from the eastern sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
 
Figure 5.17 ~ Multi-element diagram for shales from the eastern sample area. The colour-
shaded area indicates the range of values within the data set, while the three lines with data 
points indicate maximum, average, and minimum values within the data set. The upper 
continental crust values are indicated by the grey line. 
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Chapter 06 ~ Geochemical Provenance Analyses 
 
6.1 Basic Principles 
 
Whole-rock geochemical analyses of sedimentary rocks can yield valuable 
information on different provenance aspects such as source-rock composition, 
amount of transport and recycling, weathering trends and tectonic activity in the 
source area. Mobile major elements can potentially provide information on syn-
depositional processes that alter the sediment, whilst immobile trace elements 
remain unchanged during most depositional processes, and may, in contrast, 
retain information on the chemistry of the source-rocks. Various elemental ratios 
have been proven to provide specific information on provenance characteristics 
of sediments, and are used on the following diagrams that are well known in the 
literature.   
During igneous differentiation processes, trace elements are removed from a 
melt mainly by substituting for a major element in a mineral phase if they are 
compatible with that mineral phase, and likewise removed from mineral phases 
they are incompatible with and (re)introduced into the melt. Since trace 
elements by definition are usually only present in small quantities, any 
differentiation that takes place will have a large effect on the concentration 
ratios of the trace elements concerned in either the solid or melt phase. The 
compatibility or incompatibility of a trace element is determined by its activity 
coefficient, which in turn is dependant on pressure, temperature, melt 
composition, stable mineral phases, oxygen fugacity, fluid content and 
composition, and concentrations of the element concerned in the melt as well 
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as in the stable mineral phase(s). Above all, it is the melt composition that plays 
the most important role in whether or not a trace element will be compatible or 
incompatible in a certain system (Watson, 1976; Ryerson & Hess). Igneous 
rocks thus display trace element patterns characteristic of rock type, and this, in 
turn can be used to discriminate between similar rock types from different 
tectonic environments.     
Another aspect to take into account when using trace-elements to delineate 
sedimentary provenance characteristics is that sedimentary rocks are most 
often complicated mixtures of sediment derived from different provenances, 
including igneous, metamorphic as well as sedimentary sources. Whole-rock 
geochemical data from sediments can thus not be interpreted as readily as that 
from igneous rocks, but instead careful consideration must be given to the 
interplay between different source rock compositions, weathering, transport and 
sorting, diagenesis, and metamorphism that may all have contributed to the 
resultant whole-rock geochemical signature. If these factors are taken into 
account though, one may extract invaluable information about the provenance, 
as well as the paleotectonic setting during deposition of sediments and 
sedimentary rocks.      
 
Reworking of sediment increases the abundance of stable heavy mineral 
assemblages such as zircon, monazite, rutile etc., and thus also increases the 
sediment’s concentrations of trace elements associated with these minerals. 
Heavy mineral assemblages are typically less affected by reworking processes 
than major minerals (Morton & Johnson, 1993) and are thus capable of 
preserving an accurate representation of the heavy mineral budget, and as such, 
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the trace element geochemical signature of the original source rock(s). The 
whole-rock trace-element concentration of sediments and sedimentary rocks is 
thus an extremely powerful tool in determining original source rock composition, 
and through this can be used to constrain the provenance.   
Many discrimination diagrams based mostly on ratios of whole-rock trace 
element abundances exist in the literature, naturally with some being more 
effective than others at classifying either the provenance composition or 
tectonic setting of sedimentary rocks. While many of the available diagrams, 
including some used in this text have been shown to misclassify tectonic 
settings, the chemistry behind these diagrams is sound, and while literal 
interpretation of the different fields in the diagrams can be erroneous, the real 
power of these diagrams reside in them being able to distinguish different 
trends with respect to stratigraphic placement and/or geographic distribution in 
a given sample set. These diagrams should thus be used a tool, together with 
petrographic and age determination results to constrain the provenance and 
tectonic setting of sedimentary rocks. 
Background information on each of the geochemical diagrams to be employed 
in the provenance analyses of the Bokkeveld Group will be individually 
discussed within the following sections prior to making inferences from the 
results. 
 
6.2 Weathering Trends and Source-Rock Composition 
 
6.2.1 Chemical Index of Alteration and A-CN-K Diagrams 
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6.2.1.1 Background Information 
 
When rocks are weathered to produce sediment, the weathering product is a 
result of both the source rock composition, as well as the weathering intensity 
experienced by the source rock. Nesbitt and Young (1982) used this principle to 
develop a geochemically based index to measure alteration in Proterozoic 
lutites, and from this information inferred paleoclimatic conditions. The CIA 
(chemical index of alteration) is calculated as follows : 
 
CIA = [Al2O3 / (Al2O3 + CaO
* + Na2O + K2O)] x 100 
 
Where major element oxide mole ratios are used and CaO* is the amount of 
CaO incorporated in the silicate fraction of the rock. A correction thus has to be 
made for carbonate and apatite containing rocks. As can be seen from the 
formula, the CIA gives a measurement of the proportion of Al2O3 versus the 
labile oxides in a sample.  
 
The upper continental crust (UCC) consists of roughly 21% quartz, 41% 
plagioclase feldspar, and 21% potassium feldspar by volume (Wedepohl, 1969). 
Taking into account that quartz is relatively stable, the main weathering process 
that affects the UCC is the degradation of feldspars to clay minerals. During this 
process, mobile potassium, sodium and calcium is removed by solution, whilst 
relatively immobile Al2O3 would remain, increasing the alumina versus alkali 
ratio, and thus the CIA. 
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Plotting the mole ratios of  Al2O3, CaO
* + Na2O, and K2O on the apices of a 
ternary diagram (Nesbitt & Young, 1984,1989) reveals information about 
weathering trends and source-rock composition that the CIA alone does not 
supply (Fig. 6.1). On fig. 6.1 the weathering trends extrapolated from common 
rock-types, and confirmed by both kinetic calculation and soil profiles, can be 
observed to follow straight lines parallel to the A-CN axis of the diagram. After 
all calcium and sodium has been removed by weathering, the trend would 
proceed towards the A apex of the diagram, parallel to the A-K axis, due to 
further removal of remaining potassium. Provenance information may thus be 
obtained by extrapolating a plotted point from a sample towards the CN axis of 
the diagram parallel to the A-CN axis. 
 
 
Figure 6.1 ~ A-CN-K plot showing the average compositions of some common rock-types, 
minerals, and natural waters. Dotted lines indicate weathering trends under normal weathering 
conditions. After Nesbitt & Young, (1984,1989). 
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A number of factors however may influence the CIA value of a sample : 
 The elements used in calculating the CIA are involved in many mineral 
reactions during diagenesis (McLennan et al., 1993). 
 Sorting during transport may alter the CIA due to mineralogical 
differentiation and mass wasting (Nesbitt & Young, 1982). 
 Mixing of provenance components with different components and/or 
weathering histories (McLennan et al., 1993). 
 Metasomatism, often K-addition will lower the CIA. 
Metasomatism and diagenetic effects can often be recognized by trends that do 
not follow the predicted weathering line. K-metasomatism effects can be 
corrected for by extrapolating a line originating from the K-apex through the 
sample point towards the source-rock composition, and the corrected CIA value 
read off on the vertical CIA axis (Fig. 6.2)(Fedo et al., 1995). If the source-rock 
composition is not known however, it may be difficult to extract provenance 
information from the corrected value.   
 
Sorting effects (mineralogical differentiation and mass wasting) actually 
differentiates the information that may be obtained from the CIA values for 
muds versus sands. Sands typically have a lower CIA value than corresponding 
mud samples due to the fact that highly aluminous fine-grained minerals 
produced during weathering are winnowed out during transport. Sands and 
sandstones thus lose information on chemical weathering intensity in the source 
area, but retain the signature of the source-rock composition. In contrast, muds 
and mudstones are devoid of larger minerals and lithic fragments, but retain 
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aluminous clay minerals formed during the weathering process, and thus their 
CIA values reflect the weathering intensity in the source area.  
 
Mixing of provenance components will result in a mixture of provenance 
information retained in the sediments / sedimentary rocks. Without definite 
information about the different source-rock lithologies, separating the different 
components becomes problematic. 
 
6.2.1.2 Results 
 
A-CN-K diagrams were constructed individually for sandstones and shales from 
the western, southern, and eastern sample sets (figs. 6.2-6.4). CIA values are 
reported in Tables 5.1-5.6.  
The CIA values for the sandstones are very similar across the three sample 
sets, and range between 56.95 – 86.98 in the west, 59.06 – 80.04 in the south, 
and 60.36 – 81.41 in the east.  
 
Among the western sandstone samples, the Osberg, Wuppertal, and one 
sample each of the Hex Rivier and Gamka Formations lie on the A-K axis of the 
diagram (Fig. 6.2), indicating an advanced weathering trend with almost all 
calcium and sodium removed during weathering. Two samples of both the 
Gamka and Hex Rivier Formations plot toward the K-apex of the diagram, with 
trends that do not comply with that of the normal weathering trend, and 
correction lines have been extended through them from the K-apex (Fig. 6.2). 
The Boplaas Formation plots very close to the weathering trend for that of 
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granodiorite, with higher CIA values than all other samples. It is possible that 
the high K2O values displayed by most of the samples is the result of K-
metasomatism, and the trends, especially that of the Hex Rivier Formation 
samples are ―flatter‖ than that of the predicted trends, suggesting alteration 
unrelated to weathering, however, the absence of significant potassium 
enrichment in these samples though, suggests that K-metasomatism is 
probably not responsible for the deviation from the normal weathering trends. 
Another possible reason for the sample plotting toward the K-apex may be that 
the source area was more alkaline than granite, thus providing the higher K2O / 
CaO + Na2O values. One final possibility is that some of the western samples 
contained very high amounts of detrital muscovite, which could have contributed 
significant potassium and aluminium to the whole rock composition, whilst not 
affecting the calcium and sodium content. 
 
The western shale samples show a clustered plot on the upper part of the 
granite weathering trend for most samples, with CIA values between ca. 75 and 
82, a little higher than the average shale (70-75), indicating incorporation of 
more weathered material possibly due to moderate to aggressive weathering in 
the source area. The rest of the samples that plot outside this cluster are from 
the Gydo and Voorstehoek Formations sampled in the very north of the basin, 
where they are not true argillites, but more arenaceous, which explain their 
plotting away from the rest of the shale sample cluster (Fig 6.2). 
 
Among the southern sandstones, all the samples except from the Gamka 
Formation plot along normal weathering trends between the tonalite, and 
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granodiorite weathering trends, indicating an intermediate source rock 
composition (Fig. 6.3). The Gamka Formation samples plot with a normal trend 
on the weathering line for granite, with higher CIA values than all other samples. 
This could be the result of sorting, because the southern Gamka samples are 
siltstones rather than sandstones, and thus plot at higher CIA values than the 
true sandstones do. Also, as discussed previously, provenance information is 
lost in muds and mudstones, accounting for the more felsic plotting (on the 
granite weathering line) when compared to the overlying sandstones. 
 
The southern shale samples plot similarly to the western shale samples, 
forming a cluster around the upper part of the granite weathering line (Fig. 6.3), 
and thus also indicate moderate to aggressive chemical weathering in the 
source area. The Tra-tra Formation samples however plot between the granite 
and granodiorite, and granodiorite and tonalite weathering lines, very similar to 
the southern sandstones. This can again be ascribed to lithology, given that the 
Tra-tra Formation sampled in the south was a siltstone, and not a true shale, 
thus plotting with the sandstone samples (Fig. 6.3). 
 
The eastern sandstones, all samples all plot either on the granodiorite or granite 
weathering line, indicating felsic to intermediate source rocks (Fig. 6.4). 
 
The eastern shale samples plot very similarly to that of the western and 
southern shales, with a cluster along the granite weathering line (Fig. 6.4). The 
CIA values of the lowermost Gydo, and uppermost Adolphspoort Formations 
however are slightly lower than that of the western and southern samples 
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(Tables 5.4-5.6), but overall still indicate intermediate to aggressive chemical 
weathering in the source area. 
 
Igneous differentiation in the source areas seems least in the south, with a 
tonalite to granodiorite association. The east shows a slightly more 
differentiated granite to granodiorite association, and the western samples 
might have been sourced from more alkaline lithologies. 
 
Weathering in the source areas seem to be consistent for all three sample sets, 
with an aggressive to moderate chemical weathering indicated by the plots. The 
eastern samples show some of the lowest CIA values of the three sample sets, 
and the western samples some of the highest.  
 
6.2.2 Chemical Index of Alteration vs. K/Cs diagrams 
 
6.2.2.1 Basic Principles 
 
In addition to A-CN-K diagrams, LILE (Large Ion Lithophile Element) ratios such 
as potassium vs. caesium ratios can be employed to evaluate weathering and 
alteration in sediments. Nesbitt (1980) found that elements with larger ionic radii 
such as Rb, Ba, and Cs were preferentially retained during weathering, relative 
to elements with smaller ionic radii such as Li, Na and Ca which are removed in 
solution during chemical weathering. The reason for this phenomenon is that 
during weathering, the elements with larger ionic radii are preferentially 
adsorbed onto clay minerals which also form during the weathering process. 
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Figure 6.2 ~ A-CN-K diagrams for both the sandstone and shale units of the western sample set. 
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Figure 6.3 ~ A-CN-K diagrams for both the sandstone and shale units of the western sample set. 
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Figure 6.4 ~ A-CN-K diagrams for both the sandstone and shale units of the western sample set
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Caesium is slightly more readily adsorbed than potassium, and as a result, the 
K/Cs ratio decreases with increasing weathering intensity. Thus an inverse 
relationship between CIA and K/Cs is expected, with lower K/Cs values 
corresponding to higher CIA values (Fig. 6.5).  
K-metasomatism would result in higher than expected K/Cs values with respect to 
the CIA. In conjunction with the A-CN-K diagrams constructed in the previous 
section, K/Cs vs. CIA diagrams are useful in evaluating whether deviations from 
normal weathering trends can indeed be ascribed to K-metasomatism. Due to the 
fact that both potassium and caesium are retained in the clay fraction in a 
weathering profile, sedimentary sorting will have a strong influence on K/Cs values. 
As the clay fraction is winnowed out of sands during recycling, the K/Cs value will 
become lower. The remaining potassium and caesium will be in mineral phases 
such as K-Feldspar (Nesbitt, 1980). 
 
6.2.2.2 Results 
 
CIA vs. K/Cs diagrams were constructed for each of the three sampling areas (Figs. 
6.6-6.8) and the sandstone and shale samples from the three areas were grouped 
together on figs. 6.9-6.10. The same colour scheme that was adapted in Chapter 3 
(i.e. West = red; South = Blue; East = Green) is used on diagrams throughout this 
text.  
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The sandstone samples in general have very low concentrations of Cs, and in 
many cases the Cs concentrations were below the detection limit of the method 
employed (Tables 5.7-5.9), making it impossible to display these samples on a CIA 
vs. K/Cs diagram. The fact that the Cs concentrations are so low in itself limits the 
validity of the sandstone plots, but nevertheless, most of the samples seem to 
follow the expected trend on the diagram, save for a few. The sandstone samples 
in general tend to have similar K/Cs values as their directly associated shale units, 
but are shifted to lower CIA values (Figs.6.9-6.10).  
 
 
Figure 6.5 ~ Expected weathering trend for sediments on a CIA vs. K/Cs diagram 
 
Only one sandstone sample (WGA1C – See tables 5.1-5.9) from the western 
sample set had a Cs concentration above the detection limit, but it plots within the 
expected trend (Fig.6.6) with respect to samples from the other sampling areas. 
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Between the sandstones of the southern sample set all three the samples from the 
Gamka Formation are shifted to higher CIA values, and plot closer to the shale 
samples than the rest of the sandstones. This may be explained by the fact that 
samples taken from this formation were found to be siltstones rather than 
sandstones, and as such approach the composition of shales rather than 
sandstones. 
The eastern sandstone samples follow the expected pattern of lower K/Cs values 
with higher CIA values (Fig.6.8-6.9). 
 
The shale samples all have higher Cs concentrations than that of their 
corresponding sandstones. They are also shifted to higher CIA values on the 
diagrams (Figs. 6.6-6.9), and follow the expected weathering trend better than that 
of most of the sandstones. 
Only 2 samples (WVH1A & WKP1A - See tables 5.1-5.9) plot at much higher K/Cs 
values when compared to the other samples.  K-metasomatism in these samples is 
an unlikely explanation, as corresponding anomalies are not observed for these 
samples on the A-CN-K diagrams. It may be that Cs removal is responsible for 
these anomalies, but this could not be conclusively determined. Four samples from 
the western sample set (WGY1A,B,C & WVH1B - See tables 5.1-5.9) are shifted to 
lower CIA values, and correspond in their composition to that of the sandstone 
samples. This is evidently due to these samples being more arenaceous than the 
rest of the shale samples (Table 2.1). 
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The majority of both the sandstone and shale samples plot below the K/Cs value 
for PAAS, indicating some degree of weathering in these samples. The eastern 
samples display the lowest K/Cs values, and the western samples the highest, with 
the southern samples being intermediate between them. In general, the majority of 
both the shale and sandstone samples appear unaffected by processes that might 
either have increased or decreased the K/Cs values. 
 
 
Figure 6.6 ~ CIA vs. K/Cs diagram for samples from the western sample set. UCC = Upper 
Continental Crust,PAAS = Post Archean Australian Shale  
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Figure 6.7 ~ CIA vs. K/Cs diagram for samples from the southern sample set. UCC = Upper 
Continental Crust,PAAS = Post Archean Australian Shale  
 
Figure 6.8 ~ CIA vs. K/Cs diagram for samples from the eastern sample set. UCC = Upper 
Continental Crust,PAAS = Post Archean Australian Shale  
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Figure 6.9 ~ CIA vs. K/Cs diagram for all sandstone samples. UCC = Upper Continental 
Crust,PAAS = Post Archean Australian Shale  
 
Figure 6.10 ~ CIA vs. K/Cs diagram for all shale samples. UCC = Upper Continental Crust,PAAS = 
Post Archean Australian Shale  
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6.2.3 Th vs. Th/U Diagrams 
 
Both thorium and uranium are generally incompatible during igneous processes, 
and tend to reach higher concentrations in more evolved melts. The average 
concentrations of Th and U in the upper continental crust are 10.50 and 2.50 
respectively (Taylor & McLennan, 1981). Both elements are relatively immobile in 
reducing environments, but under oxidizing conditions, insoluble U4+ can be 
oxidized to water soluble U6+ and removed in solution from sediment. Thus, for 
sediment that is transported under oxidizing conditions one would expect the Th/U 
ratio to increase with increasing recycling due to removal of U6+. Plotting Th vs. 
Th/U (Figs. 6.11-6.13; McLennan et al. 1993) on a diagram, one would expect then, 
for a set of sedimentary samples, that variation on the x-axis (Th) to be narrow 
within a specific formation and to reflect the Th content of the provenance area(s), 
whilst variation on the y-axis (Th/U) should be representative of the recycling / 
weathering experienced by the sediment. Expecting the Th concentration to remain 
relatively fixed during weathering, a net vertical movement on the diagram is thus 
expected with increase in transport / weathering.  
Additionally, because U is redox-sensitive, the Th/U ratio could be an indicator of 
redox conditions during weathering processes. If weathering or recycling took 
place under predominantly reducing, U preserving conditions, one would expect 
the Th/U ratio to be much lower than under oxidizing conditions. As illustrated on 
fig. 5.10 both Th and U show a slight increase in concentration with lower SiO2 
values, with U slightly more affected than Th, and both elements plotting quite 
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scattered. The values of these elements are thus only slightly affected by quartz 
dilution. 
As illustrated on figs. 6.11-6.13, the western samples of the Bokkeveld Group 
display some of the highest Th/U values, and thus appear to have experienced the 
most U6+ leaching during recycling and/or weathering. The eastern sample set 
displays lower Th/U values than the western set, with the southern sample set 
having the lowest values of all three sample sets. A high variation in Th content is 
observed in the western samples (Fig. 6.11), with a narrower range in the eastern 
(Fig. 6.13), and the least variability observed in the southern (Fig. 6.12) sample set. 
Given the immobility of Th, this is most likely due to chemical variations in source 
rock composition. 
The vast majority of the samples plot, as expected, above the value for the 
average upper crustal value for Th/U (Figs. 6.14-6.15), indicating that recycling 
processes occurred under oxidizing conditions.  
 
6.2.4 Zr/Sc vs. Th/Sc diagrams 
 
6.2.4.1 Basic Principles 
 
Zirconium and thorium are both generally incompatible elements during igneous 
differentiation processes, and thus tend to have higher concentrations in more 
evolved melts where they are mostly concentrated in heavy minerals (i.e. zircon 
and monazite respectively) (McLennan et al., 2003). In contrast, scandium is 
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generally a compatible element having an affinity for more mafic mineral 
assemblages such as olivine, hornblende and pyroxene. 
 
 
Figure 6.11 ~ Th vs. Th/U diagram for the western sample set 
 
The Th/Sc and Zr/Sc ratios are thus both expected to increase with increasing 
differentiation towards felsic igneous rocks. Furthermore, scandium is more mobile 
than both thorium and scandium, and as a result one would expect the Zr/Sc and 
Th/Sc ratios to increase through scandium removal during weathering. Zircon 
though is far more abundant than monazite in sediment, and as a result, the Zr/Sc 
ratio increases much more than the Th/Sc ratio during reworking processes. 
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Figure 6.12 ~ Th vs. Th/U diagram for the southern sample set 
 
Figure 6.13 ~ Th vs. Th/U diagram for the eastern sample set 
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Figure 6.14 ~ Th vs. Th/U diagram for the sandstones 
 
Figure 6.15 ~ Th vs. Th/U diagram for the shales 
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6.2.4.2 Results 
 
As illustrated on figs. 6.16-6.18, the shales from all formations plot, as expected, 
less recycled, with lower Zr/Sc and Th/Sc ratios than the sandstones for all the 
sample sets.  Among the western shales, the Voorstehoek Formation, as well as 
one sample from the Klipbokkop Formation plots away from the rest of the shales 
toward ―higher recycling‖. This may be ascribed to those samples being more 
arenitic than the rest of the shales. Similarly, the Tra-tra Formation among the 
southern samples plots toward ―higher recycling‖ for the same reasons.  
The western sandstones plot as most recycled (Fig. 6.16 & 6.19), and the southern 
sandstones as least recycled (Figs. 6.17 & 6.19), in accordance with the Th/U vs. 
Th diagram (Fig. 6.14).  
 
Figure 6.16 ~ Zr/Sc vs. Th/Sc diagram of the western sample set 
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6.2.5 Nb/Y vs. Zr/Ti Diagrams 
 
6.2.5.1 Basic Principles 
 
Winchester and Floyd (1977) investigated the distribution of some highly immobile 
elements amongst different magmatic series, and found that the ratio Nb/Y is 
particularly useful in discriminating the alkalinity of magmatic and volcanic rocks, 
given the fact that Nb tends to be somewhat enriched with respect to Y in alkaline 
rocks.  
 
 
Figure 6.17 ~ Zr/Sc vs. Th/Sc diagram of the southern sample set 
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Figure 6.18 ~ Zr/Sc vs. Th/Sc diagram of the eastern sample set 
 
 
Figure 6.19 ~ Zr/Sc vs. Th/Sc diagram of the sandstones from all sample areas 
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Figure 6.20 ~ Zr/Sc vs. Th/Sc diagram of the shales from all sample areas 
 
In the same publication it was found that the Zr/Ti ratio successfully indicates the 
degree of differentiation, with more evolved rocks having a higher Zr/Ti ratio due to 
the large differences in compatibility between these two elements. 
Taking into account that all four elements are highly incompatible, and thus not 
seriously affected during weathering and transport, it is reasonable to use these 
ratios as an indicator of sediment composition related to provenance (Fralick, 2003; 
Lacassie et al., 2006; Van Staden et al., 2006; Bertolino et al., 2007; Naidoo, 2007). 
However, care should be exercised against literal interpretation of these ratios to 
constrain provenance composition to certain rock types. Rather the diagrams 
should be applied to identifying geochemical differences between different areas of 
sedimentation or stratigraphic horizons.    
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6.2.5.2 Results 
 
All samples from the three different areas were plotted on figs. 6.21-6.23, and all 
sandstone and all shale samples were plotted on figs. 6.24-6.25. The shale 
samples invariably plot lower (in rhyodacite / dacite, trachyandesite, and andesite 
fields) on the diagrams (Fig. 6.25) than the sandstones (in rhyodacite / dacite, 
rhyolite, trachyandesite, comendite / pantellerite, and trachyte fields) (Fig. 6.24). 
The western Voorstehoek samples, as well as one sample from the Klipbokkop 
Formation plots slightly above the rest of the shale samples, evidently due to their 
higher silica content. The southern Tra-tra Formation samples plot similarly higher 
than the rest of the shales for the same reason, and the southern Gamka 
Formation sample plots away from the rest of the sandstone samples and toward 
the shale samples, evidently because of its lower silica content, and fine-grained 
(silty) nature. 
 
Among the sandstones (Fig. 6.24), the western samples plot in the more alkaline 
fields, with the southern samples the least alkaline fields. Acidity of the samples, as 
measured by the Zr/Ti ratio seems highest in the western sandstone samples and 
lowest in the southern sandstone samples. 
 
The shale samples show a cluster of points around the rhyodacite field, plotting as 
expected, less differentiated than the sandstones.  The Voorstehoek Formation 
from the eastern sample set, and the Tra-tra Formation from the southern sample 
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set plots in the more alkaline ―Trachyandesite‖ field of the Nb/Y vs. Zr/Ti diagram 
(Fig. 6.25).   
 
 
Figure 6.21 ~ Nb/Y vs. Zr/Ti diagram for the western sample set. After Winchester & Floyd, 1977. 
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Figure 6.22 ~ Nb/Y vs. Zr/Ti diagram for the southern sample set. After Winchester & Floyd, 1977. 
 
Figure 6.23 ~ Nb/Y vs. Zr/Ti diagram for the eastern sample set. After Winchester & Floyd, 1977. 
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Figure 6.24 ~ Nb/Y vs. Zr/Ti diagram for the sandstones from all sample areas. After Winchester & 
Floyd, 1977. 
 
Figure 6.25 ~ Nb/Y vs. Zr/Ti diagram for the shales from all sample areas. After Winchester & Floyd, 
1977. 
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6.3 Geochemical Discrimination Diagrams for Tectonic Setting  
 
6.3.1 La/Sc vs. Ti/Zr diagrams 
 
6.3.1.1 Basic Principles 
 
The ratios La/Sc and Ti/Zr were first used in the discrimination of tectonic 
environments by Bhatia & Crook (1986).  They investigated the abundances of 
certain immobile trace elements in greywackes from known tectonic environments, 
and found excellent discrimination between different greywacke types from 
different tectonic environments by plotting La/Sc vs. Ti/Zr (Figs. 6.26 A-C & 6.27 A-
B).  The Ti/Zr ratio in igneous rocks is dictated by the magmatic evolution of the 
parent body, and is thus similarly used to constrain the provenance of sedimentary 
rocks. The applicability of this ratio to sedimentary rocks is two-pronged. Firstly, Ti 
and Zr are quite immobile, and as such would not be much affected by transport 
and weathering of the sediment. Secondly, these elements are, in sedimentary 
rocks, concentrated in rutile / brookite, and zircon respectively, both of these 
minerals having similar hydraulic properties and weathering resistance.  
 
La is a highly incompatible light rare-earth element (LREE), and has preference for 
felsic phases such as zircon and apatite. It also displays high partition coefficients 
for phases such as ilmenite and sphene especially in more fractionated melts. Sc 
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on the other hand is a compatible element, having an affinity for mafic phases that 
are less resistant than zircon, rutile zircon etc. 
 
One would thus expect the Ti/Zr ratio to decrease, and the La/Sc ratio to increase 
markedly with increasing differentiation towards felsic composition in parent rock 
material. Also, higher sediment recycling (such as is found in passive margin 
regions) would elevate the La/Sc ratio further whilst having little effect on the Ti/Zr 
ratio.  
Although La/Sc vs. Ti/Zr diagrams are strictly only applicable to greywackes, the 
shale units were also plotted for the sake of completeness. 
 
6.3.1.2 Results 
 
Among the sandstone samples, the western samples show the highest La/Sc 
values, all samples plot in an around the ―Passive Margin‖ field of the diagram (Fig. 
6.26A). Among the eastern sandstones (Fig. 6.26C) one sample from the Boplaas 
Formation plots in the ―Active Continental Margin‖ field of the diagram, whilst 
among the southern sandstones (Fig. 6.26B), the Hex Rivier Formation, as well as 
one sample from the Boplaas Formation plots in the ―Active Continental Margin / 
Continental Island Arc‖ fields. The Gamka Formation in the southern sample set 
plots higher than all other sandstone samples on the Ti/Zr axis of the diagram, 
evidently because of the argillaceous nature of this sample.  
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The shale samples from all three sample areas all plot very similarly, and are 
grouped below the ―Oceanic Island Arc‖ field, and in and around the ―Continental 
Island Arc‖ and ―Active Continental Margin Fields‖ (Fig. 6.27B). The Voorstehoek 
Formation in the western sample set has a much higher Ls/Sc, and lower Ti/Zr 
ratio than the rest of the shale samples, and plots in the ―Passive Margin‖ field of 
the diagram, similar to the sandstones. This is evidently due to the more 
arenaceous nature of this sample, with respect to the other shale samples.   
 
The sandstone samples (Fig. 6.27A) thus allude to deposition within a passive 
margin setting in general, while in the south, and to a lesser extent, the east, some 
of the samples plot toward more active tectonic setting, and this in turn points 
toward input of less evolved and/or less recycled sediment into the southern part of 
the Bokkeveld Basin. 
 
6.3.2 La-Th-Sc and Th-Sc-Zr/10 diagrams 
 
Bhatia and Crook (1986) investigated the relationship between immobile trace 
elements and tectonic setting in greywackes, and concluded that two ternary 
diagrams plotting La-Th-Sc and Th-Sc-Zr/10 most aptly group greywackes 
deposited in different tectonic environments (Figs. 6.28-6.32). The latter diagram 
distinguishes active continental margin sediments from that of passive margin 
sediments, which the former diagram fails to accomplish. 
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The results from the samples plotted on these diagrams are essentially the same 
as for the La/Sc vs. Ti/Zr diagram in that the western sandstone samples plot 
completely within the ―Passive Margin‖ fields, with the southern, and to a lesser 
extent the eastern sandstones plotting toward more active tectonic settings (―Active 
Continental Margin‖, Continental Island Arc‖). All shale samples also tend to form a 
cluster around the ―Continental Island Arc‖ field, which is probably the result of 
hydraulic sorting of the more mafic minerals into mud rather than sand.  
 
6.4 Summary on Results from Geochemical Provenance Analyses 
 
From the various diagrams presented in this chapter, certain characteristic 
geochemical differences between the three geographical areas of the Bokkeveld 
Group can be delineated. 
The western samples seem to be most highly recycled, appear to have been 
derived from provenance areas that are highly evolved and silicic, and perhaps 
more alkaline than the southern and eastern sample areas, and have almost 
certainly been deposited under a ―Passive Margin‖ type tectonic setting.  
 
The southern samples seem the least recycled of all the three sample areas, 
appear to be derived from less evolved provenance areas than the western 
samples, and to have been deposited under mainly a ―Passive Margin‖ type 
tectonic setting except for the Hex Rivier and Boplaas Formations that display 
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geochemical characteristics similar to sediments deposited in more active 
continental margin tectonic settings.  
 
The eastern samples tend to plot as intermediate between the western and 
southern sample sets, slightly less recycled than the western, and slightly more 
than the southern sample areas. It shows evidence of both alkaline and non-
alkaline sources, and seems indistinguishable from the southern samples with 
regards to tectonic activity, being mostly classified as ―Passive Margin‖ type 
sediments, except for the Hex Rivier and Boplaas Formations having the 
geochemical characteristics of sediment deposited under more active tectonic 
settings (Fig. 6.32).  
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Figure 6.26 ~ La/Sc vs. Ti/Zr diagram of the western, southern, and eastern sample sets. 
After Bhatia & Crook, (1986). A = Passive Margin; B = Active Continental Margin; C = Continental Island Arc; D = Oceanic Island Arc 
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Figure 6.27 ~ La/Sc vs. Ti/Zr diagram of the sandstone and shale samples. 
After Bhatia & Crook, (1986). A = Passive Margin; B = Active Continental Margin; C = Continental Island Arc; D = Oceanic Island Arc
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Figure 6.28 ~ La-Th-Sc & Th-Sc-Zr/10 diagrams of the western samples. 
After Bhatia & Crook, (1986). A = Oceanic Island Arc; B = Continental Island Arc; C = Active 
Continental Margin; D = Passive Margin 
 
 
 
Figure 6.29 ~ La-Th-Sc & Th-Sc-Zr/10 diagrams of the southern samples. 
After Bhatia & Crook, (1986). A = Oceanic Island Arc; B = Continental Island Arc; C = Active 
Continental Margin; D = Passive Margin 
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Figure 6.30 ~ La-Th-Sc & Th-Sc-Zr/10 diagrams of the eastern samples. 
After Bhatia & Crook, (1986). A = Oceanic Island Arc; B = Continental Island Arc; C = Active 
Continental Margin; D = Passive Margin 
 
 
 
Figure 6.31 ~ La-Th-Sc & Th-Sc-Zr/10 diagrams of the sandstones. 
After Bhatia & Crook, (1986). A = Oceanic Island Arc; B = Continental Island Arc; C = Active 
Continental Margin; D = Passive Margin 
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Figure 6.32 ~ La-Th-Sc & Th-Sc-Zr/10 diagrams of the shales. 
After Bhatia & Crook, (1986). A = Oceanic Island Arc; B = Continental Island Arc; C = Active 
Continental Margin; D = Passive Margin 
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Chapter 07 ~ Detrital Zircon Age Determinations 
 
7.1 Background Information 
 
Recent advances in the U/Pb dating of zircons have made age determination on 
detrital zircons almost a necessity for provenance studies of sediments and 
sedimentary rocks. Age determinations on detrital zircon are invaluable in 
provenance studies, as empirical ages from these zircons may link the sediment 
to specific igneous or metamorphic sources with established ages. In total 64 
acceptable ages were obtained from detrital zircons from the 4th sandstone unit 
of the three sample areas (Table 7.1 & Fig. 7.1). Although the number of ages 
obtained is not enough for statistical evaluation of the quantitative input from 
different sources, some important information regarding the provenance of the 
Bokkeveld Group could be extracted. 
 
7.2 Sample Preparation and Analytical Method 
 
The localities and preparation of the zircon sample sets are described in section 
3.2. Following mounting of the zircons in epoxy resin blocks, these blocks were 
polished to ¼ micron with diamond paste, ensuring that the majority of zircons 
were exposed above the epoxy surface. The zircons were then photographed 
under transmitted light (TL) and reflected light (RL) with a light microscope. 
Secondary Electron Images (SEI) as well as Cathode Luminescence (CL) 
images were obtained via a JEOL Scanning Electron Microscope at 
SPECTRAU (the central analytical facility of the Faculty of Science at the 
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University of Johannesburg).  These images were used in ion-beam spot 
placement that does not overlap any inclusions (TL) or cracks (RL&SEI).  
CL light reveals the internal structure of zircon, and was used to distinguish 
between metamorphic zircons with clear overgrowth patterns, or primary 
igneous zircons. It is also useful to distinguish growth zonation within a zircon 
crystal, and can thus be used to obtain, for example, both a core (older) and a 
rim (younger) age from a single crystal.  
Prior to analysis by Cameca HR-SIMS 1270 at the Institute for Study of Earth 
Interior (ISEI) in Misasa, Japan, the epoxy resin blocks were chemically washed 
with 0.1M HF, and subsequently 0.1M HNO3, for 1 and 3 minutes, respectively, 
in an ultrasonic bath prior to gold coating. A focused 0- primary beam of 5-15 nA 
intensity with -13.0 kV acceleration resulting in a beam size of 5 to10 pm in 
diameter was used. Fifty-five cycles were obtained in each run, taking 
approximately 25 minutes including 3 minutes pre-sputtering of the zircon 
surface concurrently with tuning secondary ion intensity maximum and mass 
calibration. Instrumental mass discrimination and mass fractionation for U/Pb 
atomic ratio, and Pb isotopic ratios were corrected by applying calibration 
curves directly obtained using zircon standards. From the U and Pb isotope 
data collected, concordia ages were calculated by Isoplot 3.0. 
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7.3 Results 
 
7.3.1 Western Samples 
 
Of the 30 zircons analyzed from the western sample set, 19 of the analyses 
yielded concordant ages with acceptable errors (Table 7.1, Fig. 7.2). The oldest 
age recorded is 1292 ± 27 Ma from a rounded zircon with a complex core and 
clear metamorphic overgrowth (Fig. 7.1). The youngest age recorded is 426 ± 
8.2 Ma from a clearly igneous zircon with well-defined zoning and displaying 
original crystal shape with slightly rounded edges. Of the 19 concordant zircons, 
7 fall between 1500 – 1000 Ma (within error), 10 between 1000 – 550 Ma, and 2 
below 550 Ma (Fig. 7.2). All zircons, save for the youngest, display complex 
cores, many with clear metamorphic overgrowths, and significant rounding.  
Among the western samples, ages between ~ 1300-1000 match the dated 
intrusives and extrusives from the western part of the Namaqua Natal 
Metamorphic Province well. Ages between ~ 988-897 Ma have no known 
correlatives on the Kalahari Craton. The two ages of 783 Ma and 747 Ma 
overlap with the intrusion of the Richtersveld Suite as well as volcanism in the 
Gariep Belt (Frimmel, 2000b). Ages between 676 Ma and 547 Ma may 
correspond to the Dom Feliciano Granites in Argentina and early Cape Granite 
Suite magmatism (Rozendaal et al., 1999), while the zircon dated at 426 Ma 
again does not correspond to any known event on the Kalahari Craton. 
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Table 7.1 ~ Zircon isotopic and age data 
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Figure 7.1 ~ Detrital zircons dated from all three sample areas. TL = transmitted light, RL = 
reflected light, SEI = secondary electron image, CL = cathodo-luminescence image. Errors are 
reported as 1 sigma. 
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Figure 7.2 ~ Concordia diagram and probability density plots of detrital zircon ages from the 
western sample area. Plots drawn with Isoplot 3.0. 
 
7.3.2 Southern Samples 
 
Of the 31 zircons analyzed, 22 of the analyses yielded concordant ages with 
acceptable errors (Figs. 7.1 & 7.3). The oldest age recorded is 1176 ± 6.7 Ma 
from a sub-rounded zircon fragment displaying clear metamorphic overgrowth. 
The youngest age recorded is 398 ± 6.3 Ma from a euhedral, rod-shaped zircon 
displaying linear zoning parallel to the elongation direction (Fig. 7.1). Of the 22 
concordant zircons, only 2 fall between 1500 – 1000 Ma, 5 between 1000 – 550 
Ma, and 15 younger than 550 Ma (Fig. 7.31). The majority of the zircons display 
simple igneous zoning in their internal structure, but complex cores and 
metamorphic overgrowths are present in zircons older than 550 Ma (Fig. 7.1). 
All rod-shaped zircons were dated as younger than 550 Ma. Among the 
southern sample set, two zircons aged 1176 Ma and 1112 Ma correspond in 
age to intrusives within the Bushmanland and Kheis Terranes of the Namaqua 
Natal Metamorphic Province (Eglington, 2006). A single zircon dated at 824 Ma 
corresponds to the Richtersveld Suite intrusive (Frimmel et al., 2001). Zircons 
dated between 640 Ma and 536 Ma may correspond to the Dom Feliciano 
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Granites in Argentina and early Cape Granite Suite magmatism (Da Silva et al. 
1997; Scheepers & Scoch, 2006), while those dated between 512.4 Ma and 498 
Ma are related in time to the Kuboos-Bremen Syenite Suite (Frimmel, 2000a), 
which is regarded as a late phase of Cape Granite Suite Magmatism. Zircons 
dated between 447 Ma and 398 Ma can not be correlated to any known igneous 
or metamorphic events on the Kalahari Craton.  
 
 
Figure 7.3 ~ Concordia diagram and probability density plots of detrital zircon ages from the 
southern sample area. Plots drawn with Isoplot 3.0.  
 
7.3.3 Eastern Samples 
 
Of the 43 zircons analyzed, 23 of the analyses yielded concordant ages with 
acceptable errors (Fig. 7.4). The oldest age reported is 1475 ± 39 Ma from a 
rounded zircon with clear metamorphic overgrowth. The youngest age recorded 
is 566 ± 13 Ma from a zircon fragment that displays slightly rounded edges, but 
still preserves an elongated crystal shape, as well as a clearly zoned internal 
structure. Of the 23 concordant zircons 10 fall between 1500 – 1000 Ma, and 13 
between 1000 – 550 Ma.    
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The oldest age obtained from the eastern sample set is 1475 Ma, and does not 
correspond to any particular event on the Kalahari Craton, but is coeval with 
juvenile crust formation within the Namaqua Natal Metamorphic Province 
(Eglington, 2006). Ages between 1275 Ma and 1055 Ma correspond well to 
dated intrusives of both the eastern and western Namaqua Natal Metamorphic 
Province. A single age of 914 Ma can not be correlated to any event on the 
Kalahari craton. Ages between 856 Ma and 787 Ma correspond in time to the 
Richtersveld Suite intrusive (Frimmel et al., 2001). Younger ages between 681 
Ma and 566 Ma can be correlated with the Dom Feliciano Granites of Argentina, 
and early Cape Granite Suite magmatism (Da Silva et al. 1997; Scheepers & 
Scoch, 2006).   
 
  
Figure 7.4 ~ Concordia diagram and probability density plots of detrital zircon ages from the 
eastern sample area. Plots drawn with Isoplot 3.0. 
 
7.4 Summary of geochronological data 
 
All three the sample areas display different spreads in detrital zircon ages. They 
all contain zircons in the 1300 – 1000 Ma age range indicating that the 
Grenvillean Namaqua Natal Metamorphic Province was probably a major 
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source for the Bokkeveld basin. The western and especially the eastern sample 
sets both display a great number of zircons in this age bracket, whilst in the 
southern sample set only two zircons fall within it. Similarly, zircons of 
Neoproterozoic age (1000 – 550 Ma) are abundant in the western and eastern 
sample sets, but only 5 zircons from the southern sample set fall within this age 
bracket. In contrast, zircons of Paleozoic age are completely absent in the 
eastern sample set and represented by only one zircon in the west, while they 
make up the bulk from the southern sample set.  
 
Linearized probability plots represent the age fractions that acted as sources to 
the three sample areas more clearly (Fig. 7.5). Among the western sample set, 
ages are somewhat scattered, but age fractions between 500-600 Ma, 600-650 
Ma, 950-1000 Ma, and 1100-1200 can be recognized. A further few scattered 
ages exist at 426 Ma, 747 Ma, 783 Ma, and 1300 Ma. Among the southern 
sample set, zircon age fractions between 400-450 Ma and 500-550 Ma exist, 
with scattered ages at 560 Ma, 579 Ma, 640 Ma, 824 Ma, 1112 Ma, and 1176 
Ma. Among the eastern sample set age fractions between 550-650 Ma, 750-900 
Ma, and 1050-1200 Ma exist with scattered points at 1275 Ma and 1475 Ma.    
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Figure 7.5 ~ Linearized probability plot of detrital zircon ages obtained from the three sample 
areas. All results are combined in the bottom right image. Plots were constructed with Isoplot 
3.0.  
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Chapter 08 ~ Discussion and Conclusion 
 
8.1 Geochemical trends 
 
Clear differences in the average source-rock composition between the western, 
southern and eastern parts of the basin were identified. Sources that fed the 
western part of the basin were most evolved, the southern as least evolved, and 
the eastern intermediate between the two. Taking into account the paleocurrent 
data of Theron (1972) that suggests paleoflow to have fed detritus into the 
southern part of the basin from an elevated source situated to the west of the 
present margin of South Africa (Theron’s (1972) Atlantic Mountainland; Fig. 2.7), 
it has to be concluded that this western source-area was less evolved than 
source(s) that fed the western part of the basin (Theron’s (1972) Bushman and 
Kamdebo Mountainlands).   
The higher average Nb/Y ratios observed in the arenaceous units of the 
western basin may be ascribed to the higher amounts of brookite and rutile 
which both may incorporate significant amounts of Nb into their crystal structure. 
This further supports a change in provenance between the western, eastern, 
and southern parts of the basin. 
 
The amount of recycling experienced in the three parts of the basin similarly is 
highest for the western basin, lowest for the southern, and intermediate for the 
eastern basin. This may also reflect changes in provenance rather than actual 
physical recycling experienced in the different parts of the basin. 
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Figure 8.1 ~ Simplified summary of geochemical trends observed in the Bokkeveld Group 
 
The weathering intensity experienced by the sediment from the three different 
parts of the basin seems to be very similar as predicted by major-element 
compositions of the argillaceous units. This would indicate that the different 
source-areas were geographically located within similar climatic regimes, and 
thus most probably situated within relative proximity of each other.  
Geochemical tectonic setting discrimination diagrams place all the stratigraphic 
units of the western and most of the eastern basin in ―passive margin‖ fields, 
whereas the lower stratigraphic units of the southern basin plots within 
tectonically active fields, evolving into ―passive margin‖ fields upwards in the 
succession. Whilst these diagrams alone can not conclusively prove input from 
active source areas, they do however indicate differences in the nature of the 
source terrains that fed the three parts of the basin.  
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8.2 Geochronological trends 
 
The most striking observation that may be made from the geochronological data 
is that detrital zircon ages older than the Mesoproterozoic are completely 
absent, whilst Mesoproterozoic ages between 1000-1300 Ma, the age range for 
the Namaqua Natal Metamorphic Province, are abundant in especially the 
western and eastern part of the Bokkeveld basin (Fig. 8.2). This would imply 
that the older than Mesoproterozoic interior part of the Kalahari Craton did not 
supply any significant amount of detritus to the Bokkeveld Group. These older 
parts of the Kalahari Craton, like the Archean Kaapvaal Craton must thus have 
been shielded as sources to the Bokkeveld basin, either by extensive cover-
successions, or perhaps more likely by a large, craton-wide morphological 
boundary.  
The western and eastern basins display very similar age distributions in that the 
majority of detrital zircon ages fall between 550-1300 Ma (Fig. 8.2). The western 
part of the basin however contains a number of <550 Ma zircons whilst the 
eastern basin does not. The southern part of the basin in contrast contains 
mostly zircons younger than 550 Ma (Fig. 8.2), suggesting that the influx of 
younger detritus was limited to the southern and somewhat to the western part 
of the basin. Based on the basin reconstruction of Theron (1972), the Atlantic 
Mountainland to the west of the present margin of South Africa (Fig. 2.7), must 
have contained abundant Paleozoic source-rock material that contributed to the 
sediment and detrital zircon budget of the southern part of the Bokkeveld basin.  
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Figure 8.2 ~ Summary of geochronological data from the Bokkeveld Group. 
 
According to the most popular Gondwana reconstructions for the Lower 
Paleozoic, the Rio de La Plata Craton bordered the Kalahari Craton to the west 
(Fig. 8.3) and is thus a possible source for the <550 Ma zircons. Possible 
sources for the 550-500 Ma age fraction on the Kalahari Craton include the 
Cape Granite Suite (Scheepers & Schoch, 2006), and younger associated 
alkaline intrusives such as the Kuboos-Bremen Syenite Suite (Scheepers & 
Schoch, 2006). The likelihood of major contribution from the Cape Granite Suite 
to the Bokkeveld Group is, however, doubtful, as the suite is overlain by Table 
Mountain Group, as well as the rest of the Cape Supergroup, and as such was 
probably covered during Bokkeveld Group deposition. Possible sources from 
the Rio de La Plata Craton include the Dom Feliciano Belt intrusive, as well as 
the younger Sierras Pampeanas Belt (Da Silva et al., 1997). The <500 Ma age 
fraction, predominantly from the southwestern part of the basin has no known 
source on the Kalahari Craton or on the Rio de La Plata Craton. South 
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American geology is, however, not as well exposed as in South Africa, mostly 
due to younger cover sequences. This and the fact that nearly all zircons < 500 
Ma were found in the southwestern area points toward a South American 
source for these zircons. The youngest zircon dated from the southwest was 
398 ± 13 Ma, which overlaps with the Emsian depositional age of the Bokkeveld 
Group, and indicates either syn-depositional or briefly pre-depositional 
tectonic/igneous activity in the source-area. If there was indeed input of detritus 
from a syn-depositionally active tectonic source into the southwestern part of 
the basin, this would lend support to the geochemical discrimination diagrams 
placing the majority of the arenaceous units from the southwest in ―active 
tectonic margin‖ fields.        
 
8.3 Conclusion 
 
The Bokkeveld Group was deposited along the western, southern, and eastern 
margin of the Kalahari Craton in an epeiric sea flanked by the Rio de la Plata 
Craton to the west and south, and most likely open to the ocean toward the east. 
Delta-complexes prograding mostly south and southeastwards received clastic 
material from both the Kalahari Craton, as well as the Rio de la Plata craton and 
surrounds (Fig. 8.3).  
The western part of the basin received input from the Mesoproterozoic rocks of 
the Namaqua Natal Metamorphic Province, as well as younger Neoproterozoic 
to Early Paleozoic successions such as the Gariep Belt and Nama and 
Vanrhynsdorp Groups. The highly recycled nature of the western basin is most 
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likely the result of sedimentary input from evolved and recycled sedimentary 
sources. The western part of the Bokkeveld basin is characterized by highly 
recycled arenaceous units with an alkaline geochemical signature.  No evidence 
for input from active sources was found in the western basin, and a passive 
margin setting is envisaged.   
  
The southern part of the basin received major input from the Rio de la Plata 
Craton evident in young (Silurian-Devonian) detrital zircon ages that could not 
have been derived from the Kalahari Craton. The geochemistry of the southern 
basin points toward immature source(s) having provided detritus. Although the 
source(s) that provided the geochemically immature sediment could not be 
pinpointed, it is likely the result of input from less evolved sources on the Rio de 
la Plata craton, combined with the less recycled, more matrix-rich sediment of 
the southern basin with respect to its western counterpart. A single detrital 
zircon age (398 ± 13 Ma) that overlaps with the depositional age of the 
Bokkeveld Group, as well as trace-element geochemistry point toward input 
from a tectonically active source for the lower stratigraphic units of the southern 
part of the basin. No lithologies of similar age have been identified on the 
Kalahari Craton, and thus the most likely origin for the material is the Rio de la 
Plata Craton.  
 
The eastern part of the basin is geochemically and mineralogically intermediate 
to the western and southern parts of the basin. The Namaqua Natal 
Metamorphic Province seems to have provided the bulk of the detritus to the 
eastern basin according to detrital zircon ages. No zircons younger than 
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Precambrian were found in the eastern basin, suggesting that the western and 
southern parts of the basin had exclusive source areas not shared by the 
eastern basin, most probably on the Rio de la Plata Craton to the west, which is 
in agreement with Theron’s (1972) Atlantic Mountainland. Although some of the 
geochemical tectonic setting discrimination diagrams place the Hex Rivier 
Formation and partly the Boplaas Formation in the eastern part of the basin in 
active tectonic fields, not all the diagrams concur, and it is therefore not very 
likely that an active source(s) contributed sediment to the eastern part of the 
basin. Nevertheless, sediment could have been transported into the eastern 
part of the basin from the southern sample area which clearly plots in the active 
fields. This is, however, not reflected in detrital zircon ages, seeing as the 
Devonian-aged detrital zircons present in the southern part of the basin are 
completely absent in the eastern part of the basin.  
 
The innermost part of the Kalahari Craton, the Archean to Paleoproterozoic 
Kaapvaal Craton, seems not to have provided sediment to the Bokkeveld Group, 
as no Archean detrital zircons were found in any of the sampled areas. This is 
most likely due to an east-west trending morphological divide preventing input 
from the craton interior (Figs. 8.1 & 8.3). This would imply that the mountain belt 
that must have formed during the Namaqua-Natal orogenic event during the 
Mesoproterozoic, might have survived erosion, and remained as a major 
morphological boundary until the deposition of the Bokkeveld Group during the 
Lower Devonian, some 600 Ma later. Furthermore, this study reveals that 
extensive sedimentary cover successions such as the Bokkeveld Group may 
not always provide a detrital ―fingerprint‖ of the interior geology of its host-craton, 
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and that consideration of geographical implications are essential for fully 
comprehending the results of sedimentary provenance studies.   
 
 
Figure 8.3 ~ Simplified provenance model for the deposition of the Bokkeveld Group, showing 
the main source-areas and input directions. 
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